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Abstract 
Michael W Lewis 
Regulation of cell separation during organ abscission in Arabidopsis thaliana  
(Under the direction of Sarah J Liljegren) 
 
In Arabidopsis flowers, an ADP-ribosylation factor GTPase activating protein, 
NEVERSHED (NEV), is required for organ abscission.  Mutations in NEV severely 
disrupt the organization of the Golgi apparatus and cause vesicle hyperaccumulation 
in abscission zone cells at the time of shedding.  To identify factors that may 
physically interact with or act downstream of NEV, a screen was conducted for 
mutants that rescue organ shedding in nev flowers.  Four dominant suppressor 
mutants were found to contain mutations predicted to affect the extracellular domain 
of the leucine-rich repeat receptor-like kinase SOMATIC EMBRYOGENESIS 
RECEPTOR-LIKE KINASE1 (SERK1).  Since the previously characterized serk1-1 
allele, known to eliminate kinase activity, also dominantly restores organ abscission 
in nev flowers, we conclude that reduced levels of SERK1 are sufficient to allow 
abscission in this context.  
To determine whether loss of SERK1 activity might affect the subcellular 
defects observed in nev flowers, transmission electron microscopy of nev serk1 
flowers was carried out.  Loss of SERK1 was discovered to restore Golgi structure in 
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nev flowers, indicating that disruption of this organelle is likely responsible for 
preventing abscission.  We have also found that the abscission zones of nev serk1 
double mutant flowers are enlarged, and show significantly increased cell numbers 
and cell expansion compared to wild type.  This phenotype is reminiscent of that 
seen in plants constitutively expressing the putative ligand, INFLORESCENCE 
DEFICIENT in ABSCISSION (IDA), a positive regulator of floral organ abscission.  
Thus, it is possible that higher levels of IDA or its activated receptor(s) may be 
present in nev serk1 abscission zone cells.  Our results suggest the possibility that 
NEV may promote abscission by regulating the trafficking of receptor-like kinases 
such as SERK1.   
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Abstract 
 
One of the remarkable features of plants is their ability to shed organs, such as 
leaves, seeds, flowers, and fruit. Genetic analysis of fruit dehiscence and floral organ 
shedding in Arabidopsis is revealing the pathways that underlie these distinct separation 
events. The transcriptional network that patterns the fruit links factors that regulate 
organ polarity and growth with those that control differentiation of the three cell types 
that are required for dehiscence. Transcriptional regulators that pattern the proximal–
distal axis in developing leaves are required for floral organ shedding, and chromatin 
modifying complexes might globally regulate genes that affect flower senescence and 
abscission. Ground-breaking studies have also recently identified a hydrolytic enzyme 
that is required for microspore separation during pollen development, and the first 
transcription factor controlling seed abscission. 
 
Introduction 
 
Separation events play key roles throughout the lives of plants, from sculpting 
their form to scattering their seeds.  They are also intricately entwined with the advent of 
agriculture and human history, as our ancestors began domesticating crop plants by 
selecting grains and legumes with reduced seed shattering characteristics.  
Contemporary research aims to uncover the molecular circuitry underlying the organ 
patterning, differentiation, signaling, hormone interactions, and enzymatic activity 
required for precisely timed, coordinated separation events.  Progress towards 
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understanding how these processes transpire in model plants should suggest new 
approaches to improve agriculture for future farmers. 
We consider a separation event as any plant process with one or more of the 
following activities in a specific zone of cells:  dissolution of the middle lamella, the glue-
like substance holding plant cells together; breakdown of the cell wall; or programmed 
cell death that leads to gaps between cells.  Abscission and dehiscence events both 
require the development of specialized zones of cells between the two structures that 
will separate (Figure 1A and 2A).  These thin cell layers—termed abscission and 
dehiscence zones (AZ and DZ)—appear as small densely cytoplasmic cells 
morphologically distinct from the surrounding tissue (Addicott, 1982). After abscission 
initiation, cell wall degrading enzymes contribute to the dissolution of adjoining cell walls 
and subsequent organ release (Addicott, 1982; Osborne, 1989; Patterson, 2001; 
Roberts et al., 2002).  Fruit, flower and leaf abscission as well as fruit and anther 
dehiscence serve as representative models for understanding how separation events 
are patterned, initiated and resolved.  Understanding how these events transpire in 
plant models creates a foundation for future agronomical applications.   
 
Get off the weed, seed 
 
Fruit dehiscence or pod shatter results in the opening of a seedpod and in the 
dispersal of its seeds. The Arabidopsis silique is composed of three major tissues: the 
replum with its attached seeds, the carpel valves that form the protective ovary walls, 
and the valve margins that are sandwiched between the replum and the valves (Figure 
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1). The valve margin is made up of a separation layer and an adjacent layer of lignified 
cells. These rigid cells, along with the endocarp b layer (enb) (a single lignified cell layer 
in each valve), produce a spring-like tension within the drying fruit that contributes to its 
opening. An atypical basic helix-loop-helix (bHLH) gene that is required for fruit 
dehiscence, INDEHISCENT (IND), is now known to be the primary factor that directs 
the differentiation of the valve margin into the separation and lignified layers (Liljegren et 
al., 2004). Genetic analysis has further demonstrated that IND, the redundant 
SHATTERPROOF1(SHP1) and SHP2 MADS-box genes, and another bHLH gene, 
ALCATRAZ (ALC), form a nonlinear transcriptional network that controls valve margin 
identity and pod shatter (Figure 1; (Liljegren et al., 2000; Rajani and Sundaresan, 2001; 
Liljegren et al., 2004). Surprisingly, lignification of the valve enb layer requires the 
activities of IND, SHP, ALC, and FRUITFULL (FUL), a MADS domain transcription 
factor that is expressed throughout the valves (Mandel and Yanofsky, 1995; Liljegren et 
al., 2004). FUL and REPLUMLESS (RPL), a homeodomain transcription factor that is 
expressed in the replum (Roeder et al., 2003), have been found to set the boundaries of 
the genes that confer valve margin identity (Figure 1). The expression of IND, SHP, and 
ALC expands throughout the valves of ful fruit, and the severe growth defects of these 
fruit are dramatically suppressed by the complete removal of valve margin activity (Gu 
et al., 1998; Ferrandiz et al., 2000; Liljegren et al., 2004). These results indicate that 
FUL primarily acts in the valve to restrict the expression of IND, SHP, and ALC to the 
valve margin, rather than by playing a major role itself in specifying valve identity. 
Similarly, the loss of replum differentiation in rpl fruit can be rescued by removing 
ectopic SHP activity, demonstrating that RPL maintains the replum boundary by 
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restricting the expression of SHP to the valve margin (Roeder et al., 2003). Recently, 
another layer has been peeled away to reveal the identity of three more key regulators 
of SHP and FUL during fruit patterning (Dinneny et al., 2005). FILAMENTOUS 
FLOWER (FIL) and YABBY3 (YAB3), two YABBY family transcription factors, are best 
known for their roles in establishing abaxial polarity in lateral organs, whereas JAGGED 
(JAG), a C2H2 zinc-finger transcription factor, promotes lateral organ growth (Sawa et 
al., 1999; Siegfried et al., 1999; Dinneny et al., 2004; Ohno et al., 2004; Dinneny et al., 
2005). In fil yab3 fruit, which are indehiscent, the expression of FUL is absent 
throughout the valves. SHP has decreased expression in the valve margins of the apical 
half of the fruit but is ectopically expressed in the valves of the basal half (Dinneny et 
al., 2005).  Further removal of JAG activity, in fil yab3 jag fruit, results in largely 
diminished SHP expression in the valve margins and valve. These results indicate that 
FIL, YAB3 and JAG redundantly contribute to proper valve and valve-margin 
development by promoting the expression of FUL and SHP in a region specific manner 
(Figure 1). When JAG is misexpressed throughout the fruit in the jag- 5D activation-
tagged mutant, the replum fails to differentiate correctly due to ectopic valve-margin 
identity (Dinneny et al., 2005). As in rpl fruit, replum formation is restored in jag-5D fruit 
by removing SHP activity, further demonstrating that JAG promotes the expression of 
SHP, and suggesting that RPL might indirectly regulate SHP by restricting JAG from the 
replum. Indeed, replum differentiation is partially rescued in jag rpl and fil rpl fruit 
(Dinneny et al., 2005).  Therefore, RPL appears to regulate SHP in part by inhibiting the 
expression of FIL and JAG (Figure 1). Although we now understand some of the 
regulatory circuits that pattern the Arabidopsis fruit for dehiscence, the pathways 
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downstream of these circuits remain hidden from view. Identifying mutants that affect 
only one of the three cell types involved would facilitate further dissection of these 
pathways. From an evolutionary standpoint, it will be fascinating to explore the extent to 
which the transcriptional networks that control dehiscence in Arabidopsis siliques are 
conserved in other types of dry, dehiscent fruit such as capsules and the pods of 
legumes. Characterizing the dehiscent pod and indehiscence mutations that prevent 
pod shatter in pea and sesame, respectively, might provide some of the first answers 
(Day and Lawrence, 2000; Weeden et al., 2002). 
 
Leave your tower, flower 
 
In Arabidopsis flowers, the sepals, petals and stamens are shed after pollination, 
leaving the developing fruit attached to the pedicel (Figure 2). Separation occurs at the 
base of each floral organ within a thin strip of cells termed the abscission zone (AZ). 
Although the floral organs are turgid when shed, signs of senescence are detected in 
advance (Müller, 1961; Fang and Fernandez, 2002). The timing of abscission is 
controlled in part by ethylene perception and signaling (Figure 2); delayed senescence 
and organ shedding are caused by dominant and recessive mutations in ETHYLENE 
RECEPTOR1 (ETR1) and ETHYLENE-INSENSITIVE2 (EIN2), respectively (Patterson 
and Bleecker, 2004).   
Further analysis of BLADE-ON-PETIOLE1 (BOP1), a gene originally known for 
its role in patterning the leaf proximal–distal axis, has revealed the first potential link 
between organ patterning and abscission (Ha et al., 2003; Hepworth et al., 2005; 
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Norberg et al., 2005). BOP1 and a closely related gene, BOP2, are members of the 
NONEXPRESSOR OF PR GENES1 (NPR1) family of transcriptional regulators (Ha et 
al., 2004). Production of the bop1 bop2 double mutant demonstrated that the BOP 
genes redundantly regulate flower development and organ shedding (Hepworth et al., 
2005; Norberg et al., 2005). The abaxial sepal is missing from bop1 bop2 flowers, and 
the remaining sepals, petals and petaloid organs are clustered around the adaxial side, 
giving the flowers an open, asymmetric appearance. During flower development, BOP1 
and BOP2 are expressed in the proximal regions of developing floral organs; later, 
these genes are expressed in regions overlapping with the floral organ AZs (Ha et al., 
2004; Hepworth et al., 2005; Norberg et al., 2005). In the bases of developing leaves, 
BOP activity restricts the expression of the KNOX genes BREVIPEDICELLUS, KNAT2, 
and KNAT6 to the shoot meristem, while limiting the expression of JAG to the distal 
regions of the leaves (Ha et al., 2003; Norberg et al., 2005). Ectopic activity of these 
KNOX transcription factors at the bases of bop1 bop2 floral organs might interfere with 
the establishment of floral organ boundaries and prevent AZ development (Figure 2). 
Alternatively, BOP might play an independent role in determining the proximal identity of 
floral organs. Although abscission is not restored in bop1 bop2 jag flowers (Norberg et 
al., 2005), more extensive genetic analysis will be required to fully address these 
alternate, but not exclusive, possibilities. Another interesting question is whether genes 
that are expressed at floral organ bases, such as LATERAL ORGAN BOUNDARIES 
(LOB) and LATERAL ORGAN JUNCTIONS (LOJ), are affected in bop1 bop2 flowers 
(Shuai et al., 2002; Prasad et al., 2005). While functional characterization of LOB and 
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LOJ has not revealed any defects in floral abscission, both are predicted to act 
redundantly.  
Trailing a fortuitous T-DNA mutant has led to a putative ligand that is required for 
abscission, INFLORESCENCE DEFICIENT IN ABSCISSION (IDA; (Butenko et al., 
2003).  Although AZ differentiation appears to be unaffected in ida flowers, floral organ 
shedding does not occur in the ida mutant, even in response to ethylene treatment. 
Transient assays in onion epidermal cells suggest that IDA is secreted into the 
intercellular space (Butenko et al., 2003). The function of IDA during the shedding 
process is currently a mystery — does IDA signaling prevent cell wall repair and thus 
enable separation, does it initiate a cascade of enzymatic activity that is required for 
separation, or does it play a yet unsuspected role? Furthermore, if IDA functions as a 
ligand, which receptor(s) does it interact with? One attractive candidate receptor is 
HAESA, a leucine-rich repeat receptor-like kinase previously implicated in floral organ 
abscission by antisense experiments (Jinn et al., 2000). The timing and specificity of 
IDA and HAESA expression at the bases of floral organs just before organ shedding 
further evoke potential roles in signaling to enact cell separation (Figure 2). 
Recent work has also uncovered roles for two proposed chromatin-remodeling 
factors, the actin-related proteins ARP4 and ARP7, in floral organ shedding. When RNA 
interference (RNAi) was used to knock down the expression of either gene, pleiotropic 
phenotypes were evident, including stunted growth, sterility, and delays in floral organ 
senescence and abscission (Kandasamy et al., 2005a; Kandasamy, 2005b). Analysis of 
ARP7 RNAi flowers did not reveal any defects in AZ development (Kandasamy et al., 
2005b), suggesting that ARP7 activity might affect the timing of abscission by regulating 
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senescence (Figure 2). Overall, ARP RNAi floral phenotypes resemble those of delayed 
abscission1 (dab1) and auxin response factor2 (arf2) mutants (see below), and of plants 
that constitutively express the AGAMOUS-LIKE15 (AGL15) MADS-box gene 
(Fernandez et al., 2000).  However, ethylene treatment of ARP7 RNAi flowers, unlike 
that of 35S::AGL15 and dab1 flowers, fails to stimulate shedding  (Patterson and 
Bleecker, 2004; Kandasamy et al., 2005a; Kandasamy et al., 2005b). Transcriptional 
analysis of ARP RNAi flowers should expose target genes whose expression might be 
altered by ARP4 and ARP7 complexes. 
More than fifty years ago, classic experiments with bean leaf AZ explants 
demonstrated that abscission is affected by auxin levels (Addicott, 1982). However, 
genetic evidence of a role for auxin in regulating floral organ shedding has been elusive. 
Now, functional studies of ARF2, ARF1, NONPHOTOTROPIC HYPOCOTYL4 
(NPH4)/ARF7 and ARF19 suggest that these transcriptional regulators act with partial 
redundancy to promote senescence and floral abscission, in part by regulating ethylene 
biosynthesis (Okushima et al., 2005; Ellis et al., 2005). Mutations in ARF2 alone delay 
the onset of floral senescence and organ shedding, and are further enhanced by loss of 
ARF1 activity, or by the loss of both NPH4 and ARF19 activities (Ellis et al., 2005).  
Changes in auxin gradients across leaf AZs might promote senescence and abscission, 
and so one possibility is that the activities of ARF2, ARF1, NPH4 and ARF19 might be 
modulated by similar gradients in floral organs (Addicott, 1982; Ellis et al., 2005). A 
subset of genes from the 1-aminocyclopropane-1-carboxylate (ACC) synthase family, 
ACS2, ACS6 and ACS8, which are expressed in fertilized flowers and are auxin 
inducible in seedlings, show decreased transcript abundance in arf2 flowers (Yamagami 
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et al., 2003) (Okushima et al., 2005). As ACC synthases catalyze the first committed 
step in ethylene biosynthesis, ARF2 might promote the production of ethylene as a 
prelude to senescence and abscission (Figure 2). As an additive effect is seen in the 
ein2 arf2 double mutant (Ellis et al., 2005), ARF2 must also act independently in 
promoting floral organ shedding (Figure 2). Whether ARF2 acts via AUX/IAA signaling 
to regulate ACS transcription remains an open question (Okushima et al., 2005).  
The ongoing characterization of two recessive mutants, dab1 and dab3, and a 
dominant mutant, dab2, promises to further unravel the pathways that promote floral 
organ shedding (Patterson and Bleecker, 2004). Like the ethylene-insensitive mutants 
etr1 and ein2, in which shedding is delayed to a lesser extent, none of the dab mutants 
appear to be affected in differentiation of the floral AZs. As in  35S::AGL15 flowers 
(Fernandez et al., 2000), however, exposure to ethylene accelerates floral organ 
shedding in dab1, dab2, and dab3 flowers, suggesting that the corresponding genes act 
in pathway(s) parallel to ethylene perception and signaling (Figure 2). A few functional 
clues are further hinted at by distinguishing features of the dab1 and dab2 mutants.  
Like arf2 mutants and 35S::AGL15 plants, the dab1 mutant has a delay in floral 
organ shedding that is  associated with a delay in flower senescence (Fernandez et al., 
2000; Patterson and Bleecker, 2004; Kandasamy et al., 2005b). Cloning of DAB1, along 
with analysis of arf2 dab1 flowers and of AGL15 transcript levels in dab1 flowers, should 
indicate whether DAB1 is a component of a general pathway that regulates 
senescence, and thereby abscission. Further characterization of DAB2 might shed 
some light on the role of cell expansion during abscission because irregular elongation 
of AZ cells is observed in dab2 flowers (Patterson and Bleecker, 2004). In Arabidopsis, 
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it is not yet known whether the expansion of a subset of floral AZ cells is required for the 
separation process, or whether these cells merely expand to form protective scar tissue 
after separation. 
Now that we have tantalizing glimpses of the genes that control floral organ 
abscission, the next challenge will be to further define their functions and to test for 
possible genetic or physical interactions. To more closely pinpoint when the shedding 
process is affected in these mutants, additional markers that are expressed at the bases 
of developing floral organs must be analyzed. Over the next few years, further parallels 
that are involved in patterning the bases of lateral organs are expected to surface, 
reflecting Goethe’s theory that leaves and floral organs are modified versions of the 
same general plant organ (Smyth, 2005). A corresponding prediction is that certain 
factors will control both floral organ shedding and leaf abscission in plants that undergo 
both types of separation. 
 
Making a break: the next 48 
 
Plants show astonishing diversity in the types of structures that they shed 
(Addicott, 1982). Pioneering studies of several other unique separation events have 
uncovered novel molecules that are associated with separation, as well as a few familiar 
transcription factors and hydrolytic enzymes. 
 
Anther dehiscence 
12 
 
An exquisitely timed relay of events in several cell types of the stamen releases 
pollen from the anther. Several studies indicate that jasmonic acid synthesis and 
signaling are required for dehiscence (Ma, 2005), and probably regulate water transport 
from the anthers. Anther dehydration was recently found to be facilitated by PIP2 
aquaporins in tobacco (Bots et al., 2005). A rice MYB transcription factor, ANTHER 
INDEHISCENCE1, is thought to direct the differentiation of two anther cell types, the 
stomium and septum, that degenerate prior to the opening of the anther wall (Zhu et al., 
2004). Another MYB transcription factor, characterized in Arabidopsis, AtMYB26, 
controls the swelling and lignification of the endothecium cell layer in the anther, which 
forces opening of the stomium and pollen release (Steiner-Lange et al., 2003). 
 
Seed abscission 
After fruit dehiscence, a second separation event releases each seed from its 
stalk, the funiculus (Figure 1). Functional characterization of SEEDSTICK (STK), an 
Arabidopsis MADS-domain transcription factor that is closely related to AGAMOUS, 
SHP1 and SHP2, revealed that STK controls cell expansion and division in the 
funiculus, and is essential for seed abscission (Pinyopich et al., 2003). As STK is 
expressed throughout the funiculus, other factors probably play more direct roles in 
regulating the differentiation of the seed AZ. One candidate might be the gene product 
that is affected in a pea mutant, development funiculus (def): funiculi in def pods also 
lack seed AZs, preventing seed dispersal (von Stackelberg et al., 2003). 
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Separation within a zone that is located on the flower stem (pedicel) releases 
mature fruit or immature flowers in many plants. Two classic tomato mutants completely 
lack this AZ. JOINTLESS encodes a MADS-box transcription factor (Mao et al., 2000), 
and tour de force sequencing of the centromeric region where jointless-2 is located has 
recently revealed the proposed gene (Yang et al., 2005). The predicted phosphatase 
shares significant sequence similarity with AtCPL3 (Arabidopsis CARBOXY-TERMINAL 
DOMAIN PHOSPHATASE- LIKE3), a member of a conserved family that 
phosphorylates RNA polymerase II (Koiwa et al., 2002). If confirmed, these results 
suggest that JOINTLESS2 activity might repress the transcription of a specific set of 
genes to allow the development of the pedicel AZ. 
 
Leaf abscission 
In ‘Valencia’ orange trees, a new connection between G protein signaling, 
ethylene biosynthesis, and leaf abscission has been shown (Yuan et al., 2005). 
Application of ethephon (2-chloroethylphosphonic acid), which promotes leaf and fruit 
abscission, was found to increase transcript levels of the ethylene biosynthesis genes 
ACS1 and ACC Oxidase (ACO) in leaf and fruit AZs, thereby boosting the production of 
ethylene. Guanfacine, a G-protein-coupled α2A-adrenoreceptor agonist, was found to 
suppress ethephone-induced ACS1 and ACO expression in leaf AZs and to significantly 
reduce abscission of leaves but not fruit (Yuan et al., 2005). Investigating the 
mechanisms that underlie the differential response of leaf and fruit AZs to this agonist 
should lead to a better understanding of how G-protein related signaling might normally 
affect abscission. 
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Microspore separation 
During pollen development, a separation event is required after meiosis of the 
pollen mother cell to release the resulting four microspores. In Arabidopsis, three 
independent quartet mutants that fail to undergo microspore separation shed clusters of 
pollen grains with a distinctive tetrahedral configuration (Preuss et al., 1994; Rhee et al., 
2004). QUARTET3 was found to encode a polygalacturonase that is required for the 
degradation of the surrounding pollen mother cell wall (Rhee et al., 2004). Remarkably, 
this finding represents the first loss-of function demonstration of the requirement for a 
specific hydrolytic enzyme for a separation event. 
 
Root cap sloughing 
As roots penetrate through soil, cells of the root tip cap are progressively shed 
and then degenerate to form part of the mucilage around the root tip. An Arabidopsis 
endo-β-1,4-glucanase gene, AtCel5, was found to be expressed specifically in root cap 
cells, and to be negatively regulated by auxin and abscisic acid (ABA) (del Campillo et 
al., 2004). Although no differences in root growth and penetration were detected in a 
cel5 mutant, sloughing of the root cap appeared to be less efficient in this line than in 
wildtype plants. AtCel5 is expected to act redundantly with AtCel3, another glucanase 
found in root cap cells (Birnbaum et al., 2003; del Campillo et al., 2004). 
 
Conclusions 
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Advances made over the past two years have newly invigorated the field of plant 
separation.  Now that the first sets of mutants have been characterized, sensitized 
screens will quickly become an effective tactic for unearthing additional components of 
pathways. Identifying gene transcripts that are enriched in separation zones using 
approaches such as laser capture microdissection, microarray analysis, and enhancer 
trapping should suggest further candidates for functional analysis. The expected 
redundancy within the gene families that encode cell-wall modifying enzymes is 
currently being addressed by coordinated genome projects (Somerville et al., 2004; 
Yong et al., 2005). As the pathways that underlie multiple separation processes 
emerge, it will be intriguing to identify elements that are conserved between tissue-
specific pathways, and to compare the diverse mechanisms that plants have devised to 
control separation. A parallel challenge is to use the knowledge gained from studies of 
separation in model plants to benefit agriculture. For growers of many oilseed crops, 
such as canola (Brassica napus, Brassica rapa and Brassica juncea), pod shatter still 
causes significant harvest losses. A recent study demonstrates the promise of model-to-
crop approaches for increasing seed yield in canola (Østergaard et al., 2005). As 
suggested by Arabidopsis research, shatter-resistant B. juncea siliques can be 
produced by ectopically expressing the FUL MADS-box gene (Sawa et al., 1999; 
Østergaard et al., 2005). Quantitative genetics and genome analysis are also being 
used to characterize loci that regulate seed shattering in crop plants, such as Sh1 in 
sorghum and Sht1 in buckwheat (Patterson et al., 1995; Matsui et al., 2004). 
Understanding the molecular basis of the non-shattering grains grown today will be 
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particularly satisfying, as they underlie some of the first traits incorporated by our 
ancestors into their crops. 
 
Update to Current Opinion in Plant Biology (2006) 9, 59-65 
 
Since the preceding review was published, we have discovered that 
NEVERSHED (NEV) is a gene required for floral organ abscission (Liljegren et al., 
2009).  NEV encodes an ARF-GAP (ADP–ribosylation factor GTPase-activating protein) 
homologous to the yeast proteins Age2 and Gcs1.  Age2 and Gcs1 are partially 
redundant regulators of anterograde vesicle trafficking from the Golgi apparatus to the 
plasma membrane, late endosomes and lysosomes (Poon et al., 2001; Yanagisawa et 
al., 2002). In contrast to wild-type, vesicles accumulate within membrane invaginations 
in nev abscission zone cells at the time of organ shedding (see Fig. 2.2 g,h).  In 
addition, nev cells contain circularized multi-lamellar structures instead of the flat Golgi 
stacks found in wild-type (see Fig. 2.2 b,d). NEV shows nearly complete co-localization 
with putative markers of the sorting/recycling endosome as well as the trans-Golgi 
network (Liljegren et al., 2009).  The membrane trafficking phenotypes of nev flowers 
show a temporal fluctuation, with the most severe defects observed at the cell 
separation phase (Lewis et al., 2010). Additionally, a set of markers expressed in 
developing abscission zones during flower growth show the same expression pattern in 
wild-type and nev flowers (Liljegren et al., 2009). Taken together, these results suggest 
that NEV functions as a positive regulator of floral organ abscission by regulating 
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membrane trafficking in the trans-Golgi network and endosomal system during the cell 
separation phase. 
Recent evidence suggests that IDA and HAE function within the same signaling 
pathway.  HAESA (HAE) and HAESA-Like 2 (HSL2) encode leucine-rich repeat 
receptor-like kinases (LRR RLK) and have been found to trigger shedding by 
transmitting signals through a MAP kinase cascade involving the functional pairs MAP 
Kinase Kinase (MKK)3 and 4 and MAP Kinase (MPK)5 and 6 (Cho et al., 2008).  
Knockdown of MPK6 activity in an mpk3 background results in non-shedding plants. 
Constitutive over-expression of IDA under the control of the viral 35S promoter results in 
uncontrolled expansion of abscission zone cells (Stenvik et al., 2006).  The 35S:IDA 
phenotype is suppressed in a hae hsl2 background (Cho et al., 2008; Stenvik et al., 
2008), suggesting that HAE functions downstream of IDA, perhaps as its receptor.  
Further confirming that IDA, HAE/HSL2 and the subsequent MAPK cascade function in 
a single pathway positively regulating floral organ abscission, inducible overexpression 
of MKK4 or MKK5 rescues shedding in both the ida and hae hsl2 backgrounds (Cho et 
al., 2008). 
 Of the genes known to function in the pathways leading to floral organ shedding, 
NEVERSHED and three others, IDA, HAE and HSL2, appear to function as positive 
regulators during the phase of cell separation (Cho et al., 2008; Stenvik et al., 2008; 
Liljegren et al., 2009).  Below, I present evidence supporting a role for the LRR RLK 
encoded by SOMATIC EMBRYOGENESIS RECEPTOR-LIKE KINASE1 (SERK1) as a 
negative regulator of floral organ abscission (Lewis et al., 2010).  Combined with the 
collaborative efforts of fellow graduate students Michelle Leslie and Christian Burr to 
18 
 
characterize the LRR RLK EVERSHED (EVR) (Leslie et al., 2010) and the Receptor-
Like Cytoplasmic Kinase (RLCK) CASTAWAY(CST) (Burr and Liljegren, unpublished), 
we propose that NEV may function to regulate the localization of multiple signaling 
molecules during floral organ abscission in Arabidopsis.  Our genetic analysis to date is 
consistent with the hypothesis that NEV, SERK1 and EVR function to regulate cell 
separation by regulating signaling through the HAE/HSL2 pathway (Liljegren et al., 
2009; Leslie et al., 2010; Lewis et al., 2010). 
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Figure 1.1: Transcriptional networks pattern the Arabidopsis 
fruit for seed dispersal. A diagram of the cross-section of 
an Arabidopsis fruit illustrates the three cell types that are 
required for fruit dehiscence: the separation layer and the 
lignified layer at the valve margin and the lignified endocarp 
b layer in the valve. Separation within the seed abscission 
zone releases each seed from its funiculus. JAG, FIL, and  
YAB3 redundantly promote the expression of FUL throughout  
the valve and of SHP1 and SHP2 at the valve margin. SHP  
activity, in turn, promotes the expression of IND and ALC.  
IND–ALC heterodimers might direct the differentiation of the 
separation layer, whereas IND and an unknown bHLH partner  
regulate the lignified layer. The expression of SHP, IND and  
ALC is restricted from the valve by FUL, whereas RPL  
regulates the replum boundary of SHP, in part, by regulating  
the expression of JAG and FIL. The activities of FUL, IND,  
SHP, and ALC are each required for differentiation of the  
endocarp b layer. The expression of STK in the funiculus is  
required for the formation of the seed abscission zone. 
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Figure 1.2: Floral organ shedding pathways in Arabidopsis. (a) Diagram of 
an Arabidopsis flower after pollination. The three outer whorls of sepals, 
petals, and stamens are attached at the base of the flower, and have discrete  
abscission zones (AZ). (b) Proposed flowchart of events that lead to floral 
organ abscission and the genes acting at each stage. Initially, floral organs 
must be properly patterned so that abscission zones differentiate at their 
bases. BOP activity might establish the proximal identity of the floral organs, 
and thus allow formation of the abscission zone. After fertilization, the 
ethylene signaling pathway, which includes ETR1 and EIN2, stimulates 
senescence and abscission. As a result of changing auxin gradients in the 
floral organs, ARF2 along with ARF1, NPH4 and ARF19, might promote 
senescence in part by regulating ethylene biosynthesis. DAB1 might promote 
senescence and floral organ shedding in an ethylene-independent pathway, 
whereas chromatin-modifying complexes that contain ARP4 and ARP7 might 
regulate suites of genes that affect the onset of flower senescence and 
abscission. The MADS-box gene AGL15 is probably one of many genes that  
must be downregulated before senescence. DAB2 and DAB3 specifically 
affect the timing of floral organ shedding, although their roles remain to be 
defined. Once abscission is initiated, a cascade of enzymatic activity modifies 
the walls of AZ cells and dissolves the middle lamella. Secretion of the 
putative ligand IDA and signaling through an unknown receptor, such as 
HAESA, is predicted to regulate a crucial aspect of this cell separation 
activity. Genes that have been identified through mutant analysis, RNAi or 
antisense experiments, and ectopic expression studies are shown in 
boldface, plain type, and with a shaded background, respectively. 
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Through a sensitized screen for novel components of pathways regulating organ 
separation in Arabidopsis flowers, we have found that the leucine-rich repeat receptor-
like kinase SOMATIC EMBRYOGENESIS RECEPTOR-LIKE KINASE1 (SERK1) acts 
as a negative regulator of abscission. Mutations in SERK1 dominantly rescue 
abscission in flowers without functional NEVERSHED (NEV), an ADP-ribosylation factor 
GTPase-activating protein required for floral organ shedding. We previously reported 
that the organization of the Golgi apparatus and location of the trans-Golgi network 
(TGN) are altered in nev mutant flowers. Disruption of SERK1 restores Golgi structure 
and the close association of the TGN in nev flowers, suggesting that defects in these 
organelles may be responsible for the block in abscission. We have also found that the 
abscission zones of nev serk1 flowers are enlarged compared to wild-type. A similar 
phenotype was previously observed in plants constitutively expressing a putative ligand 
required for organ separation, INFLORESCENCE DEFICIENT IN ABSCISSION (IDA), 
suggesting that signaling through IDA and its proposed receptors, HAESA and HAESA-
LIKE2, may be deregulated in nev serk1 abscission zone cells. Our studies indicate that 
in addition to its previously characterized roles in stamen development and 
brassinosteroid perception, SERK1 plays a unique role in modulating the loss of cell 
adhesion that occurs during organ abscission. 
 
 
 
Introduction  
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A defining feature of multicellular organisms is their ability to regulate the 
adhesive properties of individual cells and cell layers. In plants, programmed changes in 
cellular adhesion allow the abscission of leaves, flowers, and fruit, and dispersal of 
pollen and seeds. Understanding the signaling pathways that regulate the loss of cell 
adhesion in model plants offers tremendous potential to develop novel approaches to 
control abscission in plants of agronomic value (Ferrandiz et al., 2000; Liljegren et al., 
2004; Østergaard et al., 2005). In recent years, the Arabidopsis flower has become a 
valuable model system for investigating several distinct cell separation processes 
including organ abscission, fruit opening, and pollen release (Aalen et al., 2006; Lewis 
et al., 2006).  
Arabidopsis flowers shed their outer organs— the sepals, petals and stamens—
after fertilization of the internal gynoecium. The detachment sites are a few 
differentiated cell layers at the base of each organ known as abscission zones (AZs). 
Once AZ cells are specified, a series of steps must be successfully coordinated for 
organ separation to occur and to protect the plant body remaining behind. The 
dissolution of cell walls must be initiated and controlled, after which the remaining AZ 
cells form a scar-like epidermis (Patterson, 2001).  
Recent studies have defined a signaling pathway required for the initiation of 
organ separation in Arabidopsis (Cho et al., 2008; Stenvik et al., 2008; Butenko et al., 
2009). Two redundant, leucine-rich repeat receptor-like kinases (LRR-RLKs) HAESA 
(HAE) and HAESA-LIKE2 (HSL2) are likely activated by the small peptide 
INFLORESCENCE DEFICIENT IN ABSCISSION (IDA) (Jinn et al., 2000; Butenko et al., 
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2003; Stenvik et al., 2006; Cho et al., 2008; Stenvik et al., 2008). HAE and HSL2 trigger 
cell separation by transmitting signals through Mitogen-Activated Protein Kinase Kinase 
4 (MKK4)/MKK5 and Mitogen-Activated Protein Kinase 6 (MPK6)/MPK3 (Cho et al., 
2008). Despite the discovery of signaling molecules that promote abscission, the 
mechanisms that prevent premature organ separation are largely unknown. Two 
identified inhibitors are the MADS domain transcription factors AGL15 and AGL18; 
ectopic expression of either is sufficient to delay both floral senescence and organ 
abscission (Fernandez et al., 2000; Fang and Fernandez, 2002; Adamczyk et al., 2007).  
More than 200 LRR-RLKs have been identified in Arabidopsis (Shiu and 
Bleecker, 2001). While the functions of most are still unknown, characterized family 
members regulate diverse growth and developmental processes including plant 
immunity, hormone signaling, meristem maintenance and stomatal patterning (reviewed 
in Diévart and Clark, 2004; Afzal et al., 2008; Aker and de Vries, 2008; Butenko et al., 
2009). While many LRR-RLKs potentially bind unique ligands, others, such as the 
members of the SOMATIC EMBRYOGENESIS RECEPTOR KINASE (SERK) family, 
are thought to act instead as multi-functional regulators of LRR-RLK pathways (Torii, 
2004; Albrecht et al., 2008). SERK1 belongs to the LRR-RLK subfamily II; each of the 
14 members of this subfamily has 5 LRRs and most exhibit broad temporal and spatial 
expression profiles (Shiu and Bleecker, 2001; Schmid et al., 2005).  BRI1 
ASSOCIATED KINASE1 (BAK1, SERK3) functions in BR perception and pathogen 
response (Li et al., 2002; Chinchilla et al., 2007, Heese et al., 2007). BAK1-LIKE1 
(BKK1, SERK4) also participates in BR signaling and, together with BAK1, is proposed 
to regulate a BR-independent cell death pathway (He et al., 2007, Kemmerling et al., 
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2007). Three other members of subfamily II—NSP-INTERACTING KINASE1 (NIK1), 
NIK2 and NIK3—act in a defense signaling pathway targeted by plant viruses (Fontes et 
al., 2004; Carvalho et al., 2008).  Specialization within the SERK family has been 
attributed to differences in protein activity rather than in expression profiles, with 
functional specificity likely governed through interactions with higher order protein 
complexes (Albrecht et al., 2008). 
Recently, we demonstrated that the NEVERSHED (NEV) ADP-ribosylation factor 
GTPase-activating protein (ARF GAP) is required for floral organ abscission (Liljegren 
et al., 2009). Loss of NEV activity causes defects in membrane trafficking at the time of 
organ separation including the appearance of circularized multilamellar structures, 
which may consist of chimeric fusions of the Golgi apparatus and trans-Golgi network 
(TGN). Here we show that mutations in SERK1 restore floral organ shedding, Golgi 
structure and TGN location in nev mutant flowers. Our studies suggest that the SERK1 
receptor-like kinase functions as an inhibitor of organ abscission.   
 
Results  
 
Mutations in SERK1 dominantly restore organ shedding in nev flowers 
To identify novel genes that regulate floral organ abscission, a suppressor screen 
of nev-3 mutant plants was carried out. The nev-3 mutation replaces an invariant 
arginine near the zinc finger of the NEV ARF GAP domain with a lysine; this residue is 
essential for ARF GAP activity in all proteins tested  (Luo et al., 2007; Liljegren et al., 
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2009). Of eight independent mutants found to rescue organ shedding in nev flowers, 
three behave recessively and five act dominantly (Table 2.1; Fig. 2.1c; Fig. 2.6a-d,f).  
Two of the dominant mutations were mapped to the lower arm of chromosome 1. 
By sequencing candidate genes in the 168 kb interval, unique point mutations were 
discovered in four of the five dominant mutants within the SERK1 gene (At1g71830) 
(Fig. 2.1k; Table 2.1). We confirmed that interactions between SERK1 and NEV are not 
allele-specific: the serk1-4 and serk1-5 mutations dominantly suppress the nev-3 
mutation as well as a mutation (nev-6) predicted to encode a truncated protein missing 
the ARF GAP domain (Table 2.2; Fig. 2.1c; Fig. 2.6f; data not shown).  
SERK1 encodes a 625-amino acid protein with five leucine-rich repeats in its 
extracellular domain, a single-pass transmembrane domain and a cytoplasmic kinase 
domain (Fig. 2.1k) (Hecht et al., 2001). The extracellular domain includes a signal 
peptide, and the LRRs are flanked by a leucine zipper and a Serine-Proline-Proline 
motif (Fig. 2.1k) (Schmidt et al., 1997; Hecht et al., 2001). Previously, SERK1 has been 
demonstrated to act redundantly with the SERK2 LRR-RLK in directing differentiation of 
the tapetal cell layer during stamen development (Albrecht et al., 2005; Colcombet et 
al., 2005), and to work together with the BRI1 LRR-RLK to promote brassinosteroid 
(BR)-mediated signaling controlling hypocotyl growth (Karlova et al., 2006; Albrecht et 
al., 2008).  
Each of the four serk1 alleles identified in the nev suppressor screen introduce 
missense mutations within the extracellular or transmembrane domain of the SERK1 
protein whereas the previously characterized mutant alleles contain T-DNA insertions in 
the kinase domain (Fig. 2.1k) (Albrecht et al., 2005; Colcombet et al., 2005; Albrecht et 
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al., 2008). serk1-4 affects a glycine residue in the second LRR which is invariant among 
the members of LRR-RLK subgroup II; this allele was used as a representative allele in 
most of our subsequent studies. serk1-7 introduces a serine in place of a glycine 
between the predicted signal peptide cleavage site and the leucine zipper. The serk1-5 
allele changes the 3’ splice acceptor site of intron 3 from an AG to an AA; defective 
splicing of exon 4 is predicted to cause production of a 577 amino acid protein with an 
in-frame deletion of the second and third LRRs. serk1-6 introduces an aspartic acid 
residue into the hydrophobic transmembrane domain.  
The previously reported serk1 mutants behave as a recessive, loss-of-function 
alleles in the context of anther development and/or hypocotyl growth, and the truncated 
serk1-1 protein was demonstrated to be kinase-dead in vitro (Albrecht et al., 2005; 
Colcombet et al., 2005; Albrecht et al., 2008). To determine if a partial loss of SERK1 
kinase activity is sufficient to rescue shedding in nev flowers, we generated nev plants 
carrying either one or two mutant copies of the serk1-1 allele. As with the serk1 alleles 
identified in our screen, organ shedding was dominantly rescued in nev serk1-1/+ 
flowers (Fig. 2.1d; Fig. 2.6e). This result suggests that mutations in SERK1 restore 
abscission in a haploinsufficient, rather than dominant-negative, fashion.  
Organ abscission was observed to occur at the same developmental stage in 
wild-type and nev serk1 mutant flowers. After shedding, sections of nev serk1 flowers 
(Fig. 2.1i) show that many of the remaining cells of the floral AZs have expanded as in 
wild-type (Fig. 2.1g), whereas the AZ cells of nev flowers have remained small and the 
organs are still attached (Fig. 2.1h). Like the mutant alleles identified previously 
(Albrecht et al., 2005; Colcombet et al., 2005; Albrecht et al., 2008), we did not detect 
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any phenotypic differences between the serk1 single mutants reported here and wild-
type plants (Fig. 2.1e, j; Fig. 2.6h-k).  
Since SERK1 and SERK2 function redundantly during anther and pollen 
development (Albrecht et al., 2005; Colcombet et al., 2005), we tested whether a 
mutation in SERK2 might also suppress the abscission defects of nev flowers. We 
found that the previously characterized serk2-1 allele (Colcombet et al., 2005) does not 
restore shedding in nev flowers (Fig. 2.1f). This result suggests that SERK1 modulates 
both organ separation and BR signaling independently of SERK2 (Albrecht et al., 2008).   
SERK1 is expressed in floral buds and most vegetative tissues examined with 
the highest expression in the vasculature of roots, hypocotyls and inflorescence stems 
(Albrechet et al., 2005; Kwaaitaal et al., 2005; Kwaaitaal et al., 2007). Like SERK1, NEV 
expression is not restricted to specific cell types and functional redundancy within the 
ARF GAP family is predicted to mask broader roles for NEV in promoting plant growth 
and development (Liljegren et al., 2009). In addition to organ abscission defects, nev 
inflorescences produce shorter fruit than wild-type (Fig. 2.7) (Liljegren et al., 2009). 
Mutations in SERK1 do not suppress this aspect of the nev mutant phenotype; nev and 
nev serk1 fruit are both significantly shorter than either wild-type or serk1 fruit (Fig. 2.7). 
This result suggests that NEV likely functions with factors other than SERK1 to promote 
fruit growth. 
  
Disruption of the Golgi structure in nev flowers is stage-dependent 
We previously described a unique set of membrane trafficking defects in nev 
flowers compared to wild-type at the time of organ shedding (floral stage 16) (Liljegren 
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et al., 2009). Instead of the flat Golgi cisternae characteristic of wild-type cells (Fig. 
2.2a), cup-shaped multilamellar structures (CMS) are predominantly present in nev AZ 
cells (Fig. 2.2b, d). The tubular-vesicular networks of the TGN, which are closely 
associated with Golgi stacks in wild-type cells (Fig. 2.2a), are not readily apparent near 
the CMS in nev cells (Fig. 2.2b, d). Furthermore, vesicle clusters known as paramural 
bodies (PMBs) are frequently found between the plasma membrane and cell wall of nev 
AZ cells (Fig. 2.2h) (Liljegren et al., 2009).  
Using transmission electron microscopy (TEM), we examined whether disruption 
of the Golgi is also evident in nev AZ regions at later stages of flower development. We 
found that a significant amount of CMS are also present in older nev flowers, along with 
multilamellar structures that closely resemble the flat Golgi stacks of wild-type cells (Fig. 
2.2a-d). While nearly all (97%) multilamellar structures in nev cells are cup-shaped at 
the timepoint when organ shedding would normally occur (stage 16) (Liljegren et al., 
2009), in older nev flowers, 36% (early stage 17) and 29% (mid-stage 17) of the 
multilamellar structures present are cup-shaped (Fig. 2.2k). These results suggest that 
the severity of the Golgi structural defect in nev flowers depends on the stage of 
development, and correlates with the surge of membrane trafficking required for cell 
separation. 
 
Mutations in SERK1 restore Golgi structure in nev flowers 
To determine whether any of the trafficking defects present in nev flowers might 
be rescued by mutations in SERK1, we examined cells in the sepal AZ regions of nev 
serk1 flowers immediately after shedding (early stage 17). Whereas a mixture of CMS 
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and linear Golgi stacks were observed in nev cells at this stage (Fig. 2.2b-d,k), Golgi 
with a wild-type appearance were primarily observed in nev serk1 double mutant cells 
(Fig. 2.2e,k). As in wild-type, only flat stacks of Golgi cisternae were present in serk1 
cells (Fig. 2.2a,f,k). In nev cells (early stage 17), TGN were usually visible near the flat 
stacks of Golgi present (Fig. 2.2c,d), but were not readily observed near CMS (Fig. 
2.2b,d). As in wild-type and serk1 cells, TGN were observed closely associated with the 
Golgi cisternae of nev serk1 cells (Fig 2.2a,e,f). These results suggest that disruption of 
SERK1 activity is able to restore the structure of the Golgi and location of the TGN in 
nev cells.   
We also examined whether the accumulation of PMBs in nev cells was 
influenced by mutations in SERK1. For this study, PMBs were defined as clusters of ten 
or more vesicles located between the plasma membrane and the cell wall (Fig. 2.2h). In 
nev sepal AZ regions (early stage 17), PMBs were observed in 75% of the cells 
examined, compared to 10% of wild-type and serk1 cells (Fig. 2.2g,h,j,l). Significantly 
more PMBs (51%) were also observed in nev serk1 cells compared to wild-type (Fig. 
2.2g,i,l). While the decrease in PMB accumulation between nev and nev serk1 cells is 
significant (Fig 2.2l), our analysis of nev serk1 flowers suggests that the structural 
changes of the Golgi cisternae and altered location of the TGN are likely the primary 
membrane trafficking defects associated with blocked abscission in nev flowers.  
 
The abscission zones of nev serk1 flowers are enlarged  
Although disruption of SERK1 activity rescues organ shedding in nev flowers, the 
AZ scars of older nev serk1 flowers can have a rough appearance compared to those of 
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wild-type (Fig. 2.1a,c,d; Fig. 2.6a-f). To determine the basis for these differences, wild-
type, serk1 and nev serk1 flowers were fixed for scanning electron microscopy (SEM) 
during or immediately after shedding. Whereas no differences between serk1-4 and 
wild-type AZ cells were detected (Fig. 2.3a,e), the AZs of nev serk1-4 appeared to be 
slightly larger than wild-type and those of nev serk1-6 flowers to be significantly 
enlarged (Fig. 2.3b-d). To quantify this change, the average height of the floral AZ 
region, from the base of the sepal AZ to the top of the stamen AZ was determined for 
wild-type and nev serk1-6 flowers for the first flower undergoing organ shedding (stage 
16; position 1) to older flowers with well-developed AZ scars (mid-stage 17; position 7). 
At all positions tested, nev serk1-6 flowers were found to contain significantly larger 
floral AZs compared to wild-type (Fig. 2.3i).  Similar measurements of the height of the 
sepal AZ were conducted for wild-type, serk1-4 and nev serk1-4 flowers; nev serk1-4 
flowers were also found to contain significantly larger sepal AZs compared to wild-type 
(Fig. 2.3j). Since the petals and sepals of nev flowers remain firmly attached (Fig. 
2.1b,h; Fig. 2.3f), an equivalent measurement of nev sepal AZ cells was not possible. 
However, we have observed that the stamens sometimes slough off in older nev 
flowers, and expansion of the remaining stamen AZ cells appears uneven and 
somewhat disorganized (Fig. 2.3f).   
To explore whether the enlarged AZs of nev serk1-4 flowers could be due to 
increased cell division or cell expansion, we also examined the number of sepal AZ 
cells within a defined area for wild-type and mutant flowers (Fig. 2.3k). nev serk1-4 
sepal AZs were found to contain significantly more cells compared to wild-type at each 
floral position tested (Fig. 2.3k). We also observed that the relative difference in cell 
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number between nev serk1-4 and wild-type flowers remained constant at the positions 
tested, suggesting that after organ separation, the growth rate of nev serk1-4 AZ cells 
mirrors that of wild-type (Fig. 2.3k). Taken together, our results suggest that the 
enlargement of nev serk1-4 and nev serk1-6 AZs occurs prior to or during organ 
abscission.  
Flowers ectopically expressing the putative signaling ligand IDA develop massive 
bands of AZ tissue at their bases due to increased AZ cell expansion and the presence 
of additional AZ cells (Stenvik et al., 2006; Cho et al., 2008). We saw similar results in 
plants engineered to express a chimeric IDA-GFP/GUS fusion protein under the control 
of the viral 35S promoter (Fig. 2.3g,h; Fig. 2.6g). After organ detachment, the sepal, 
petal, and stamen AZs of 35S::IDA-GFP/GUS flowers (early stage 17) already appear 
enlarged, show poorly defined boundaries and have begun to engulf the nectaries (Fig. 
2.3g). To determine whether the increase in AZ size at this stage is due to ectopic cell 
expansion or the presence of additional cells, we measured the height and checked the 
cell density of the 35S::IDA-GFP/GUS floral AZ regions compared to wild-type (Fig. 
2.3i,k).  Although the density of cells in 35S::IDA-GFP/GUS AZs at this stage resembles 
that of wild-type (Fig. 2.3k), the size of the 35S::IDA-GFP/GUS AZs was significantly 
larger (Fig. 2.3i). These results suggest that either increased cell division or recruitment 
of neighboring cells is responsible for the initial AZ enlargement of flowers 
misexpressing IDA.  
In older 35S::IDA-GFP/GUS flowers (mid-stage 17), the contribution of ectopic 
cell expansion to the collars of AZ tissue that form at their bases is readily apparent 
(Fig. 2.3h). As 35S::IDA-GFP/GUS flowers continue to age, the cells in the AZ region 
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appear to swell until they burst, leaving rough, broken tissue behind (Fig. 2.6g). We also 
observed large bands of rough tissue in the AZ regions of older nev flowers carrying 
one or two copies of the serk1-5 or serk1-6 mutant alleles (Fig. 2.6b,c,f; Fig. 2.3n,o). 
Since the AZ regions of nev serk1-4 and nev serk1-7 flowers present a more smooth 
appearance (Fig. 2.6a,d), yet all five serk1 alleles tested dominantly rescue organ 
separation in nev flowers, this phenotypic distinction may point to differences in the 
activity levels of the respective serk1 mutant proteins.  
Flowers constitutively expressing IDA have been shown to contain detectable 
arabinogalactin proteins in their enlarged AZs after organ separation (Stenvik et al., 
2006).  To determine whether nev serk1 flowers might also share this characteristic, we 
stained wild-type and nev serk1-6 flowers (stage 17) with the Yariv reagent (β-GlcY) 
Yariv et al., 1962; Yariv et al., 1967).  As in 35S::IDA flowers, a red precipitate indicative 
of arabinogalactan protein was observed in nev serk1-6 flowers (Fig. 2.3m) but not 
readily observed in wild-type (Fig. 2.3l), or in flowers treated with a control reagent (α-
GlcY) (Fig. 2.3n,o). Taken together, the strong resemblance of nev serk1-6 flowers to 
flowers ectopically expressing IDA suggests the intriguing possibility that deregulated 
signaling of the IDA/HAE pathway may be responsible for the rescue of abscission in 
nev serk1 flowers and the significant enlargement of the nev serk1 AZs.   
 
Mutations in SERK1 do not rescue organ shedding in the ida or hae hsl2 
abscission mutants  
Since the redundant LRR-RLKs, HAE and HSL2 (Cho et al., 2008; Stenvik et al., 
2008), and their proposed ligand IDA (Butenko et al., 2003), appear to promote organ 
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separation at the same stage as NEV (Liljegren et al., 2009), we tested for genetic 
interactions between SERK1, IDA, and HAE/HSL2. We found that as in the ida single 
and hae hsl2 double mutants (Fig. 2.4a,c), organ abscission is also blocked in the ida 
serk1-4 double and hae hsl2 serk1-4 triple mutants (Fig. 2.4b,d). To further examine the 
relationship between SERK1, NEV and IDA, we generated the nev ida double and nev 
ida serk1-4 triple mutant.  We discovered that mutations in SERK1 also rescue 
abscission in nev ida flowers (Fig. 2.4e,f), and that the abscission zones of nev ida 
serk1-4 flowers (Fig. 2.4h) do not show the well-defined boundaries typical of wild-type 
abscission zones (Fig. 2.4g). These results are consistent with SERK1 regulating 
abscission upstream of HAE/HSL2, and/or functioning in a parallel or downstream 
pathway to modulate organ separation.  
 
Discussion  
 
Here we report a novel role for the SERK1 LRR-RLK as a negative regulator of floral 
organ abscission. We were able to uncover SERK1’s inhibitory role in organ separation 
in the context of plants with defective NEV, an ARF GAP which likely facilitates the 
movement of key cargo molecules required for cell separation (Liljegren et al., 2009). As 
described below, our studies suggest that SERK1 acts to inhibit organ abscission and 
restrict the size of floral AZs by modulating the localization or activity of signaling 
components that promote abscission.  
Insights into the potential function of SERK1 in modulating organ separation are 
provided by two well-characterized LRR-RLK signaling pathways, both regulated by 
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BAK1 (SERK3). Signaling in response to the BR hormone begins when the extracellular 
domain of the BRI1 LRR-RLK binds BR (Li and Chory, 1997; Wang et al., 2001; 
Kinoshita et al., 2005). After release of an inhibitory protein, the affinity of BRI1 for its 
co-receptor, BAK1, is increased and is followed by oligomerization of the receptors and 
transphosphorylation (Li et al., 2002; Wang et al., 2005a; Wang et al., 2005b). BRI1 
cycles between the plasma membrane and endomembrane system in a ligand-
independent manner; formation of the BRI1-BAK1 complex may promote endosomal 
sorting of these receptors for enhanced signaling (Russinova et al., 2004; Karlova et al., 
2006; Geldner et al., 2007; Geldner and Robatzek, 2008). BAK1 also functions as a co-
receptor for the FLS2 LRR-RLK in regulating the plant immune response (Chinchilla et 
al., 2007; Heese et al., 2007). Interaction of BAK1 with the flagellin peptide-bound FLS2 
receptor is required for endocytosis of FLS2 (Robatzek et al., 2006; Chinchilla et al., 
2007). SERK1 has previously been shown to undergo endocytosis from the plasma 
membrane and to interact with proteins such as KINASE-ASSOCIATED PROTEIN 
PHOSPHATASE that likely regulate its movement, recycling and degradation (Stone et 
al., 1994; Shah et al., 2001; Shah et al., 2002; Rienties et al., 2005; Aker et al., 2006; 
Karlova et al., 2006; Aker and de Vries, 2008; Hink et al., 2008). Like BAK1, SERK1 
and other members of the SERK family may enable internalization and/or sorting of 
ligand-binding LRR-RLKs that function in divergent signaling pathways. 
Two attractive LRR-RLK candidates that may be regulated by SERK1 are HAE 
and HSL2, which are proposed to bind the secreted peptide IDA and activate abscission 
via a MAPK signaling cascade (Cho et al., 2008; Stenvik et al., 2008). Our genetic 
analysis suggests that NEV and SERK1 function upstream of HAE/HSL2 and/or in a 
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parallel signaling pathway regulating cell separation (Fig. 2.4). These results are 
consistent with the possibility of direct regulation of HAE/HSL2 by SERK1. Rather than 
acting as a co-receptor for ligand-bound HAE/HSL2, SERK1 may directly interact in a 
complex with HAE/HSL2 to promote endocytosis and/or internal sorting of these 
putative receptors prior to ligand binding, and thereby limit their ability to activate 
abscission signaling. Our previous studies indicated that NEV is localized in the 
TGN/early endosome and putative recycling endosomal compartments (Liljegren et al., 
2009). In nev flowers, the trafficking of receptor complexes including SERK1 may be 
affected, such that recycling of the HAE/HSL2 receptors back to the plasma membrane 
is compromised.  Partial loss of SERK1 activity may be sufficient to restore abscission 
in nev flowers by increasing the amount of activated HAE/HSL2 receptor complexes at 
the plasma membrane or in internal endosomal compartments, thereby bypassing nev-
mediated defects in membrane trafficking.  
At the time of organ separation, the sepal AZs of nev serk1 flowers are larger 
and appear to contain more cells than those of wild-type, suggesting a role for SERK1 
in regulating AZ size (Fig. 2.3). This phenotype is exaggerated in flowers ectopically 
expressing IDA, and these flowers also show premature organ abscission and ectopic 
AZ cell expansion (Fig. 2.3g,h) (Stenvik et al., 2006; Cho et al., 2008).  As highlighted in 
Figure 2.5, we propose that SERK1 may spatially restrict the domain of cell separation 
during abscission to ensure that loss of cell adhesion does not occur in cells beyond the 
AZs. Disruption of SERK1 activity in nev flowers may lead to deregulated signaling of 
the IDA/HAE pathway in AZ cells. This in turn could trigger the increased secretion and 
spread of cell wall-modifying and -degrading enzymes to cells adjacent to the AZ 
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regions giving nev serk1 flowers the appearance of larger AZ scars with an increased 
number of cells (Fig. 2.5). In plants ectopically expressing IDA, early and prolonged 
signaling of HAE/HSL2, accompanied by increased ectopic cell wall loosening, could 
account for the uncontrolled AZ cell expansion and premature organ abscission 
observed (Fig. 2.3h) (Stenvik et al., 2006; Cho et al., 2008). 
Alternatively, the larger AZs of nev serk1 flowers may indicate that SERK1 
regulates cell division or fate during a late stage of AZ differentiation. During anther 
development, SERK1 and SERK2 are redundantly required for formation of the tapetal 
cell layer and proper maturation of the microspores, which become the pollen grains 
(Albrecht et al, 2005; Colcombet et al., 2005). In the male-sterile serk1 serk2 double 
mutant, the tapetum is absent and extra sporogenous cells are found, suggesting that 
SERK1/2 activities influence the balance between these two cell fates. Mutations in the 
genes that encode the EXCESS MICROSPOROCYTES1 (EMS1, also known as 
EXTRA SPOROGENOUS CELLS) LRR-RLK and its putative secreted ligand 
TAPETUM DETERMINANT1 (TPD1) also result in an increased number of 
sporogenous cells at the expense of the tapetal cell layer (Canales et a., 2002; Zhao et 
al., 2002; Yang et al., 2003; Yang et al., 2005; Jia et al., 2008). SERK1/2 are 
considered as potential co-receptors of EMS1 or of an unknown LRR-RLK regulating 
the intertwined fates of these cell types (Albrecht et al, 2005; Colcombet et al., 2005). 
Although very little is currently known about the process of floral organ AZ differentiation 
in Arabidopsis, in some plant species, cells in the separation or neighboring layers 
undergo an additional round(s) of cell division immediately prior to or after abscission 
(Sexton and Roberts, 1982; van Doorn and Stead, 1997). While this has not been 
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demonstrated to occur in wild-type Arabidopsis flowers (Patterson, 2001), ectopic cell 
division or a cell-fate transformation could also be responsible for the enlarged AZs of 
nev serk1 and 35S::IDA flowers.   
Abscission is likely to be particularly sensitive to perturbations in membrane 
trafficking as it relies on secretion of a suite of hydrolytic enzymes that extensively 
modify cell walls as well as dissolve the pectin-rich middle lamellae between the walls of 
AZ cells (Sexton and Roberts, 1982; Gonzalez-Carranza et al., 1998). Strict control of 
these enzymes is essential to ensure that loss of cell adhesion only occurs at the 
appropriate time and in the designated regions. We previously discovered that the Golgi 
structure is disrupted, the location of the TGN is altered, and increased numbers of 
paramural vesicles are present in nev floral AZ cells at the time when organ shedding 
would normally occur (Liljegren et al., 2009). Further analysis reported here shows that 
the Golgi structural defect shows a temporal fluctuation in nev AZ cells, and is 
significantly alleviated in older flowers (Fig. 2.2). These results dovetail with early 
ultrastructural studies of leaf AZ cells that showed significant increases in the ER and 
Golgi present after abscission was induced (Sexton and Hall, 1974; Sexton et al., 1977). 
It is intriguing that disruption of SERK1 activity not only rescues abscission in nev 
flowers but also restores the structure of the Golgi and TGN location (Fig. 2.2). These 
results suggest the possibility that a backlog of cargo molecules may directly contribute 
to the disruption of the Golgi structure observed in nev flowers. Alternatively, these 
results may indicate that SERK1 plays a broader role in regulating endosomal traffic, 
rather than simply facilitating endocytosis and/or sorting of ligand-binding LRR-RLKs.  
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Our research illustrates the power of sensitized forward genetic screens to 
identify novel factors that regulate signaling and membrane traffic (Rojo and Denecke, 
2008). Like innovative screens designed to detect mutants with defects in vacuolar 
trafficking (Li et al., 2006; Shimada et al., 2006; Sanmartin et al., 2007; Sohn et al., 
2007), we were able to successfully use a discrete developmental phenotype as a 
readout for restoration of membrane trafficking and secretion in specific flower cells. 
The rescue by partial loss of SERK1 suggests that nev mutant flowers represent an 
unbuffered background where moderate changes in the activity of RLK(s) regulating 
organ abscission are sufficient to allow the programmed loss of cell adhesion to occur. 
SERK1 was known to function redundantly in distinct signaling pathways required for 
anther development and BR perception (Albrecht et al., 2005, Colcombet et al., 2005; 
Karlova et al., 2006; Albrecht et al., 2008), but a role in regulating organ abscission was 
unsuspected. The productivity of our screen (Table 2.1) (Leslie et al., 2010; C. Burr et 
al., unpublished results) suggests that we will be able to identify additional components 
of pathway(s) that modulate the timing and extent of cell separation in Arabidopsis 
flowers.  
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Experimental Procedures 
Plants 
Mutant alleles of SERK1 were obtained through ethyl methanesulfonate screens 
of nev-3 mutant plants as previously described (Liljegren et al., 2000). The serk1-4, 
serk1-6, and serk1-7 alleles contain nucleotide substitutions within codons 107, 242, 
and 30, which change a glycine to an aspartic acid, an aspartic acid, and a serine, 
respectively. The serk1-5 allele contains a G to A nucleotide substitution at the splice 
acceptor site of the 3rd intron. All alleles identified are of the Ler ecotype. Primers and 
restriction enzymes used for genotyping these alleles are listed in Table S3. The serk1-
1, serk2-1, ida-2, hae-1, and hsl2-1 mutant alleles and 35S::IDA-GFP/GUS transgenic 
plants were described previously (Albrecht et al., 2005; Colcombet et al., 2005; Cho et 
al., 2008; Stenvik et al., 2008; Leslie et al., 2010).  
 
Mapping 
To map dominant mutations that restore organ shedding in nev flowers, the 
serk1-4 nev-3 and serk1-5 nev-3 double mutants were crossed to nev-6 (Col) and nev-3 
(stock backcrossed to Col three times), respectively. 118 nev serk1 and 244 nev 
serk1/+ F2 plants were identified by segregation analysis of the F3 progeny. Using DNA 
isolated from these plants and PCR-based markers including several designed from 
Monsanto Ler polymorphisms (http://www.Arabidopsis.org/Cereon/), both mutations 
were mapped to chromosome 1, between positions 26940342 and 27108102. The 
coding regions of 5 of 42 predicted genes in this 168 kb region were sequenced from 
nev serk1 genomic DNA.  
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Microscopy 
Flower images were captured using a Leica MZ FLIII dissecting microscope and 
a MicroPublisher 3.3 RTV digital camera (Qimaging, Surrey, British Columbia, Canada). 
For transmission electron microscopy, flowers were analyzed as described (Liljegren et 
al., 2009). Images of Toluidine Blue stained sections were captured using a Nikon 
Eclipse 80i microscope with a Nikon Ds-Fi 7 color camera and Nikon elements BR2.3 
software (Nikon Americas Inc, Melville, NY). For scanning electron microscopy, flowers 
were fixed in 2% glutaraldehyde in 0.05M sodium phosphate buffer overnight, treated 
for 30 min with 2% osmium tetroxide, and dehydrated through an ethanol series. 
Samples were dried using a Samdri-795 critical point dryer (Tousimis Research 
Corporation, Rockville, MD), and coated in gold-palladium using a Hummer X sputtering 
system (Anatech, Alexandria, VA). Images were captured using a Zeiss Supra 25 
scanning electron microscope with SmartSEM acquisition and imaging software (Zeiss, 
Peabody, MA). Image brightness and contrast were adjusted with Photoshop CS4 
(Adobe, Mountain View, CA); the color balance of the images shown in Fig. 1a-f was 
adjusted with Photoshop. AZ measurements were performed using NIH imageJ 
software. To determine sepal AZ cell density, all cells which fell completely or partially 
within an 1800 µm2 area between the medial nectaries were counted.   Yariv staining 
was conducted as described previously (Stenvik et al., 2006). 
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Tables 
  
    
 
Table 2.1:  nev suppressor analysis. 
nev-3 suppressor M2 group Genetic inheritance Affected gene 
S4 26 dominant serk1-7 
S6 18 recessive evr-2* 
S9 35 dominant serk1-4 
S23 47 dominant serk1-5 
S27 16 dominant serk1-6 
S29 85 recessive evr-1* 
S38 116 dominant  
S39 110 recessive  
*described in Leslie et al. (2010). 
  
Table 2.2: Mutations in SERK1 dominantly rescue organ shedding. 
Cross 
Number of 
F2 plants 
Expected 
phenotype 
(shedding/  
non-shedding) 
Observed 
phenotype 
(shedding/  
non-shedding) 
Segregation 
ratio 
nev serk1-4/+ X nev serk1-4/+ 272 204/68 205/67 3:1* 
*χ
2
 test, P=0.8886 
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Table 2.3: Genotyping serk1 alleles. 
Allele Enzyme PCR 
product 
(bp) 
Digest products  
(bp) 
Oligos 
serk1-4 BsrI 132 serk1-4 
Ler 
132 
107, 25 
5’-GAGCTTTACAGTAACAACATAACTG-3’ 
5’-CTTTGAAAGCTTTCCCAATGATTCCGG-3’ 
serk1-5 BmrI 
(dCAPs) 
163 serk1-5 
Ler 
163 
127, 36 
5’-CTTTTTAACAAGTTTCTTATTTTCTTACT-3’ 
5’-CTTTGAAAGCTTTCCCAATGATTCCGG-3’ 
serk1-6 BccI 167 serk1-6 
Ler 
125, 42 
167 
5’-GATCTAATTTGATTTCAGGTGGG-3’ 
5’-GCGAATAATAAACTCACCAGGGACATCG-3’ 
serk1-7 FokI 
(dCAPs) 
182 serk1-7 
Ler 
182 
149, 33 
5’-GGCTTGCTTCTGCTAATTTGGAT-3’ 
5’-CAAAGTACTAGCCACTAAATCTTA-3’ 
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Figure legends  
 
Figure 2.1. Mutations in SERK1 dominantly rescue organ shedding in nev flowers.  
(a) Wild-type flower after organ separation (stage 17). The sepals, petals and stamens have 
detached, leaving behind the maturing fruit.  
(b) Floral organ shedding is blocked in nev mutant flowers.  
(c) Organ separation is dominantly restored in nev flowers carrying one mutant copy of the 
serk1-4 allele.  
(d) The previously characterized, kinase-dead serk1-1 allele (Albrecht et al., 2005; Colcombet et 
al., 2005) dominantly rescues organ shedding in nev flowers.  
(e) serk1-4 flowers shed their organs normally.  
(f) A mutation in SERK2 does not rescue abscission in nev flowers.  
(g-j) Longitudinal sections of wild-type and mutant flowers (stage 17) stained with Toluidine 
Blue. In nev serk1-4 flowers (i), the remaining AZ cells show a similar amount of cell expansion 
as those of wild-type (g) and serk1-4 (j) flowers. The sepal (se), petal (pe) and stamen (st) AZs 
and floral nectaries (n) are indicated; in nev flowers (h) the AZs are still intact. Scale bars: 50 
µm. 
(k) Diagram of the SERK1 protein. The locations of four novel point mutations and three 
previously described T-DNA mutants are indicated by arrows and arrowheads, respectively. The 
serk1-4 mutation affects the second LRR within exon 4 and the serk1-5 mutation alters the 3’ 
splice site of intron 3. The serk1-6 mutation falls within the transmembrane domain (TM) and the 
serk1-7 mutation affects the leucine zipper (LZ) near the N-terminus. The previously identified 
T-DNA mutations, serk1-1, serk1-2 and serk1-3, affect the kinase domain (KD).  The locations 
of the SERK1 signal peptide (S) and Serine-Proline-Proline (SPP) motif are also indicated.     
 
 
 
 
 
 
 
 
 
 
 
  
54 
 
 
55 
 
 
Figure 2.2. Mutations in SERK1 restore Golgi structure in nev flowers.  
Transmission electron micrographs of cells in wild-type and mutant sepal AZ regions (first stage 
17 flower).  
(a) In wild-type cells, the Golgi (G) are composed of several flat cisternae closely associated 
with the tubular-vesicular structures of the trans-Golgi network (TGN) (T, arrowhead).  
(b-d) A mixture of cup-shaped multilamellar structures (CMS, arrowhead) (b,d) and Golgi with a 
wild-type appearance (c,d) are found in nev cells at this developmental stage. TGN are usually 
observed nearby the linearized Golgi (c) but are not readily apparent near the CMS (b,d) in nev 
cells.  
(e) Golgi consisting of flat cisternae are primarily found in nev serk1 cells, and are typically 
associated with structures resembling the TGN.  
(f) The structure of the Golgi and location of the TGN are not affected in serk1 cells.  
(g,h) Clusters of vesicles termed paramural bodies (PMBs, see asterisks in [h]) are infrequently 
seen between the plasma membrane and cell wall of wild-type cells (g), and are frequently 
observed in nev cells (h).  
(i) Accumulation of PMBs still occurs in nev serk1 double mutant cells.  
(j) As in wild-type, PMBs are infrequently observed in serk1 cells. 
(k) Frequency of Golgi and CMS per cell in sections of wild-type and mutant AZ regions. A 
temporal reduction is seen in the proportion of CMS to linear Golgi in nev cells (stage 17), 
although a significant number of CMS are found in nev cells at all stages tested compared to 
wild-type (Fisher’s exact test, *P<0.0001). In nev serk1 double mutant cells (early stage 17), 
primarily Golgi with flattened cisternae are observed compared to nev cells (**P<0.0001). For 
each type of tissue analyzed, n (cells) ≥17. Data from two independent experiments are 
presented, as indicated by separate sections in the graph. 
(l) Quantification of PMBs present in wild-type and mutant cells (early stage 17). Compared to 
wild-type cells, significantly more nev (Fisher’s exact test, *P<0.001) and nev serk1 (**P<0.002) 
cells in sepal AZ regions display one or more PMBs. A significant decrease was observed in the 
number of nev serk1 cells with PMBs compared to nev cells (***P<0.03). For each type of tissue 
analyzed, n (cells) ≥40.   
 Scale bars: 0.2 µm (a-f), 0.5 µm (g-j). 
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Figure 2.3. nev serk1 flowers have enlarged abscission zones.  
(a-h) Scanning electron micrographs of wild-type, serk1-4 and nev serk1-4 flowers (position 
seven, mid-stage 17), and of nev serk1-6 and 35S::IDA-GFP/GUS flowers (position two, early 
stage 17; mid-stage 17).  
(a) After organ separation, the remaining AZ cells of wild-type flowers expand and form smooth, 
protective scars at the detachment sites. The sepal (se), petal (pe) and stamen (st) AZs can be 
easily distinguished from each other and the floral nectaries (n). 
(b) The floral AZs of nev serk1-4 flowers are slightly larger and contain more cells than those of 
wild-type.  
(c-d) nev serk1-6 flowers contain significantly enlarged AZs which merge and form visible rings 
of tissue at their bases.  
(e) The floral AZs of serk1 flowers appear like those of wild-type.  
(f) Although the sepal and petals remain firmly attached, the stamens of nev flowers sometimes 
slough away in older flowers. Cells remaining in these nev stamen AZs appear expanded and 
somewhat disorganized. The medial sepal and stamens of the nev flower shown were removed 
for clarity.  
(g) The enlarged AZs of 35S::IDA-GFP/GUS flowers have merged, enveloping the floral 
nectaries.  
(h) Due to ectopic cell expansion in the floral AZ regions, massive collars of tissue encircle the 
bases of older 35S::IDA-GFP/GUS flowers. 
(i) After organ abscission, nev serk1-6 (position one, stage 16; positions two and seven, stage 
17) and 35S::IDA-GFP/GUS (position two, stage 17) flowers show significantly larger floral AZs 
compared to wild-type (Independent groups t-test, *P<0.002, **P<0.0001). The total height of 
the floral AZ regions, from the top of the stamen AZ to the bottom of the sepal AZ, was 
measured since the boundaries between the sepal, petal and stamen AZs become unclear. For 
each genotype, n (flowers) ≥5.  Wild-type flowers used as controls for analysis of nev serk1-6 
and 35S::IDA-GFP/GUS flowers were of the Ler and Columbia ecotypes, respectively. 
(j) The height of nev serk1-4 sepal AZs is significantly increased compared to wild-type at every 
position measured (Independent groups t-test, *P<0.005, **P<0.001). For each genotype and 
position, n (flowers) ≥5. Data from independent experiments are shown in separate sections of 
the graph. 
(k) The sepal AZs of nev serk1-4 flowers contain more cells than those of wild-type or serk1-4 
flowers. Significant differences in cell density between nev serk1-4 flowers and wild-type are 
apparent from the time of organ abscission (position one, stage 16) (Independent groups t-test, 
*P<0.001, **P<0.0001). Soon after organ shedding (position 2, stage 17), 35S::IDA-GFP/GUS 
sepal AZs are enlarged (e,h) but show a similar cell density compared to wild-type (Columbia). 
For each genotype and position, n (flowers) ≥4. Data from independent experiments are shown 
in separate sections of the graph.  
(l-O) Wild-type and nev serk1-6 flowers (stage 17) stained with the Yariv reagent (β-GlcY) or 
with a negative control (α-GlcY).  A red precipitate appears in the AZs of nev serk1 flowers (m) 
stained with β-GlcY, indicating the presence of arabinogalactan proteins.  Wild-type flowers 
stained with β-GlcY (l), or flowers stained with α-GlcY (n,o), did not show a detectable 
precipitate. Scale bars: 50 µm. 
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Figure 2.4: Genetic analysis of pathways regulating floral organ abscission. 
Organ abscission is blocked by mutations in genes encoding the putative signaling 
molecule IDA (a) or its proposed receptors, the redundant HAE and HSL2 LRR-RLKs 
(c).  Mutations in SERK1 do not rescue organ shedding in either ida (b) or hae hsl2 (d) 
flowers. As in the ida and nev single mutants, abscission is blocked in the nev ida 
double mutant (e).  Mutations in SERK1 dominantly restore shedding in nev ida flowers 
(f). nev ida serk1 triple mutant flowers (h) show disorganized abscission zones 
compared to the well-defined boundaries of those in wild-type flowers (g). As a 
membrane trafficking regulator, NEV may promote organ separation by potentially 
controlling the localization and activity of SERK1 and other receptor-like kinases (i). 
SERK1 may inhibit organ separation by acting upstream and/or downstream of 
HAE/HSL2. Scale bars: 50 µm 
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Figure 2.5: SERK1 may spatially restrict AZ signaling during organ abscission. In wild-
type flowers (stage 16), floral organ shedding occurs when signaling activated by IDA 
and HAE/HSL2 leads to loss of cell adhesion within the floral AZs. After the floral organs 
have detached (stage 17), the remaining AZ cells expand and form protective scars at 
the sites of separation. Mutations in SERK1 not only restore abscission in nev flowers 
(stage 16), but lead to an enlargement of the floral AZs. Ectopic expression of IDA 
causes premature abscission (stage 15) and pronounced AZ enlargement (stage 17) 
(Stenvik et al., 2006). Our studies suggest the possibility that deregulated signaling of 
IDA/HAE is responsible for the rescued organ separation and larger AZs of nev serk1 
flowers. Deregulated activation of abscission could cause the release of hydrolytic 
enzymes beyond the original AZ boundaries and ectopic loss of cell adhesion in the 
neighboring cells. In wild-type flowers, SERK1 and other factors may modulate the 
activity of HAE/HSL2, and thereby control the timing and regions of cell separation. 
Activated AZs are indicated in purple.  
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Figure 2.6: Mutations in SERK1 rescue organ abscission in nev flowers.  
(a-e) Multiple alleles of SERK1 restore organ shedding in nev flowers.  nev serk1-4 (a), 
nev serk1-5 (b), nev serk1-6 (c), nev serk1-7 (d), and nev serk1-1 (e) double mutant 
flowers are shown. (f) Partial loss of SERK1 function is sufficient to restore organ 
abscission in nev flowers; a nev mutant flower containing one copy of the serk1-5 allele 
is shown. (g) Enlarged AZs form visible collars at the bases of 35S::IDA-GFP/GUS 
flowers. (h-k) Mutations in SERK1 alone do not affect organ abscission or alter the 
appearance of floral organ AZs. serk1-5 (h), serk1-6 (i), serk1-7 (j), and serk1-1 (k) 
single mutant flowers are shown. Image brightness, contrast, and color balance were 
adjusted with Photoshop 7.0 (Adobe, Mountain View, CA).  
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Figure 2.7: Disruption of SERK1 does not restore fruit growth in 
nev mutants. Mature nev and nev serk1 fruit (stage 17) were  
found to be significantly shorter than wild-type (Independent  
groups t-test, *P<0.0001). The average fruit lengths of the nev  
and nev serk1 mutants are displayed relative to that of wild-type,  
which was set as 1. Data from a second experiment are shown in 
a separate section of the graph, and are normalized with respect 
to the first wild-type data set. Fruit (n ≥5 per genotype) 
measurements were taken using NIH Image J software 
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Abstract 
 
 By performing a screen for nevershed (nev) suppressor mutations we have 
identified three Receptor Like Kinases (RLK) --SERK1, EVERSHED (EVR), and CAST 
AWAY(CST)-- as novel components of the signaling pathways which regulate floral 
organ abscission (Leslie et al., 2010; Lewis et al., 2010; Burr et al., in preparation). 
Here, I describe additional preliminary evidence generated during the early 
characterization of candidates discovered in the screen.  Specifically, I identified an 
intragenic nev-3 suppressor mutation, and isolated and independently mapped a nev 
suppressor allele later identified as CAST AWAY (Burr et al., unpublished).  
Additionally, I investigated the membrane trafficking phenotypes of nev-2 flowers and of 
the intragenic nev-3 suppressor.  Lastly, I discuss initial work to track the NEV protein in 
vivo at the subcellular level. 
 
Introduction 
 
To better understand how NEV regulates vesicle trafficking during floral organ 
abscission, we must identify additional components of its functional pathway.  To do 
this, a screen was performed to identify mutations that restore shedding in a nev-3 
background (see also chapter 2; Lewis et al., 2010).  The nev-3 allele encodes a mis-
sense mutation (R59K) within the active site of the ARF-GAP domain (Fig. 3.1; Liljegren 
et al., 2009).  One hypothesis for the function of a potential suppressor is that a 
mutation within a protein that binds the NEV active site might compensate for the R59K 
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mutation allowing for a functional binding event.  Alternatively, the screen could identify 
proteins that function downstream of NEV to regulate the floral organ abscission 
pathway.  Therefore, by screening for suppressors in this background, we may find 
proteins that physically interact with NEV as well as those that could act downstream or 
in a parallel pathway.   
 
Results and discussion 
 
Confirmation and mapping of nev suppressor mutations 
Nine independent suppressor mutants were confirmed to harbor the nev mutation 
(Fig. 3.2) and one line, S38, was found to contain a second site mutation within the NEV 
open reading frame. Following segregation of the suppressed phenotype, five of the 
lines, S4, S9, S23, S27 and S38 were inherited dominantly and S6, S25, S29 and S39 
were inherited recessively.  The S25 line was not followed beyond this point due to a 
significant decrease in fertility (data not shown).  To determine the allelic nature of the 
recessive suppressors: S6, S29 and S39; lines were crossed together and the F1 
progeny was scored for suppression of the nev phenotype. A cross between S6 and 
S29, but not between S6 and S39 or S29 and S39, resulted in F1 progeny which shed 
their floral organs.  This demonstrated that S6 and S29 are allelic and that S39 
represents a unique recessive locus (Table 3.1). 
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I subsequently generated mapping populations for eight of the remaining 
suppressor mutants (S4 was excluded due to low fertility; personal observation based 
on seed set) in order to determine the physical location of the mutations.  Mapping 
populations were created by crossing a suppressor line (in a nev-3 Ler background) to 
nev-3 plants thrice backcrossed into the Columbia ecotype. Preliminary rough mapping 
of these lines (using F2 individuals from each mapping cross) revealed that the nev-3 
mutation was not sufficiently introgressed into the Columbia background on all 
chromosomes. Because these suppressor mutations do not show an allelic specificity, 
new mapping populations were generated by crossing suppressor mutations in the nev-
3 Ler background to Columbia plants harboring the nev-6 T-DNA insertion mutation.  I 
subsequently generated mapping populations for four dominant suppressor lines (S9, 
S23, S27 and S38) as well as the recessive suppressor S39.  Mapping of the S9, S23 
and S27 mutants (corresponding to serk1-4, serk1-5 and serk1-6) was carried out by 
Emilee Fulcher, Lalitree Darnielle, Sarah Liljegren and myself (Lewis et al., 2010; this 
Table 3.1: Allelism tests between S6, S29 and S39 
Cross F1 phenotype Allelic 
S6nev    x  S29nev Shedding Yes 
S6nev    x  S39nev No shedding No 
S29nev  x  S39nev No shedding No 
Table 3.1 
Crosses between recessive suppressors reveal that S6 and 
S29 are allelic suppressors of nev. S39 represents a unique 
genetic locus harboring a mutation capable of restoring floral 
organ shedding in Arabidopsis flowers. 
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chapter). The recessive allelic suppressors S6 and S29 corresponding to evr-2 and evr-
1, respectively, were mapped by Michelle Leslie (Leslie et al., 2010). 
 
Discovery and mapping of the nev suppressor S39 
I discovered the S39 mutation while rescreening the nev-3 M2 populations given 
to me by Emilee Fulcher, a UNC undergraduate who carried out the screen as part of 
her honors research.  The S39 plants initially contained another mutation conferring a 
late flowering phenotype; 15-20 rosette leaves would be produced before bolting in this 
background.  This secondary mutation was subsequently removed through backcrosses 
by Christian Burr, and eliminated the late flowering phenotype.  I identified the rough 
mapping position of cst-1 on the long arm of Chromosome IV through bulk segregant 
analysis (Fig. 3.4).  Subsequent fine mapping narrowed the interval to 1.3 mbp between 
SSLP markers on BACs F17M5 and F19F18 (Fig. 3.5). Using F2 seeds from my 
mapping cross, Christian Burr independently mapped cst-1 and found that the S39 
mutation affects a Receptor-Like Cytoplasmic Kinase (RLCK) which has been named 
CAST AWAY (CST; Burr et al., in preparation).  
 
S38 is an intragenic mutation 
The S38 lesion was found to change the last amino acid of the sixth exon in the 
NEV ORF to a stop codon, Q189* (Fig. 3.1).  For this dominant mutation, it was 
important to determine that suppression of the nev mutation was linked to the NEV 
genomic locus (22.07 Mbp on chromosome 1).  In order to determine linkage, the S38 
nev-3 line was crossed into nev-6 Col.  Of the subsequent F2 population, 45 plants 
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were found to harbor two nev alleles yet shed in a wild-type time course.  In these 
plants, the simple sequence length polymorphism (SSLP) MGB8 (22.5 mbp on 
chromosome 1) never recombined away from the marker region corresponding to the 
Ler ecotype (Fig. 3.3).  This demonstrates linkage between the suppression of the nev 
phenotype and the S38 mutation in nev (Fisher’s exact test, p< 0.0001). 
 
Golgi phenotypes are suppressed in nev S38 AZ cells 
The first stage 17 flowers of the nev-3 S38 line were collected and fixed for TEM 
as previously described (Liljegren et al., 2009).  Circularized multilamellar structures 
(CMS) as well as vesicle filled paramural bodies (PMB) are found in nev-3 single 
mutants (Fig. 2.2). Therefore, I wanted to assay the extent of these phenotypes when 
abscission is restored by the S38 intragenic mutation (Fig. 3.6).  Vesicle pockets similar 
to those found in nev were found in abscission zone cells of nev-3 S38 flowers (Fig. 3.6 
A,C,E).  Only wild type appearing Golgi structures were found in the nev-3 S38 cells 
(Fig. 3.6 B, D, F).  Similar to the results described for nev serk1 cells in chapter 2, this 
suggests that the defects in Golgi and trans-Golgi network structure is likely the cause 
for blocked abscission in nev flowers and that the S38 mutation alleviates this problem 
allowing the restoration of organ shedding. 
 
The membrane trafficking defects of nev flowers are not allele-specific 
To confirm that the nev-2 mutation had similar membrane trafficking defects as 
those characterized for nev-3 (Liljegren et al., 2009), I collected and fixed nev-2 flowers 
(first stage 17) for TEM.  The nev-2 mutation introduces a stop codon at position 198 
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within exon 7 (Fig. 3.1). Abscission zone cells of nev-2 flowers were found to contain 
circularized structures as well as flat Golgi at this stage, similar to nev-3 flowers (Fig. 
3.7 d,e,f; see also chapter 2 Fig. 2.2).  These flowers also contain the vesicle filled 
PMBs described for nev-3 (Fig.  3.7 a,b,c).     
 
Analysis of potential SERK1 and EVR redundancy in regulating organ abscission 
Two LRR RLKs were identified in the nev suppressor screen, SERK1 and EVR. 
Mutations in SERK1 dominantly restore shedding in nev while mutations in EVR behave 
recessively.  The EVR protein shares a highly similar domain structure with SERK1; 
both SERK1 and EVR have an N terminal signal peptide then 5 LRRs and a single-pass 
TM domain followed by the intracellular kinase domain (Hecht et al., 2001; Leslie et al., 
2010).  In a nev background, a mutation in SERK1 or EVR leads to a similar post 
abscission phenotype; the AZ regions are larger and the cells within these regions show 
ectopic cell expansion, similar to the IDA overexpression phenotype (Stenvik et al., 
2006; Lewis et al., 2010; Leslie et al., 2010).  To test whether these two LRR RLKs 
function redundantly during abscission or any other processes, we combined mutations 
generating the serk1-4 evr double mutant and nev serk1-4 evr triple mutant.  No 
noticeable phenotype was seen in serk1-4 evr plants and shedding appears normal 
(Fig. 3.8 a,b,c).  A more thorough analysis should be performed to determine if any 
differences can be found in the timing of the cell separation process in nev serk1-4 evr 
flowers; nev evr flowers but not nev serk1-4 flowers are shed prematurely compared to 
wild type (Leslie et al., 2010).  Since we later observed that more severe AZ cell 
enlargement occurs in nev serk1-6 flowers compared to nev serk1-4 (Fig 2.3), it will be 
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necessary to generate and analyze mutant combinations with this stronger allele of 
SERK1. 
The extracellular domains of the SERK1, HAE and EVR receptor-like kinases do 
not appear to interact in yeast 
Previously, the extracellular domain of SERK1 was shown to be required for 
dimerization and proper targeting of the SERK1 protein during intracellular transport 
(Shah et al., 2001).  Continuing with this work, the same group used yeast-two hybrid 
experiments to search for SERK1 interacting proteins.  For these experiments the 
extracellular domain of SERK1 was used to screen a cDNA library generated from 
young floral tissue (Rientes et al., 2005); unfortunately, this work did not implicate any of 
the previously identified floral organ abscission regulators nor NEV as interacting with 
SERK1.  To follow up on this work, I conducted a directed yeast-two hybrid experiment 
to test for protein-protein interactions between the extraceullar domains of SERK1, HAE 
and EVR.    Pair-wise interaction tests were performed by co-transformation of prey 
(pJG4-5) and bait (pEG202) vectors; interactions were tested for a X-gal color reaction 
as well as for expression from the LacZ reporter via robust growth in a Leu- background.  
Only the positive control events were detected: ACS5kin interaction with FEI1kin and 
eto1kin, as well as the previously reported SERK1 homodimerization (Chae HS, Hansen 
M and JJ Kieber, unpublished; Shah et al., 2001; Rientes et al., 2005; Xu et al., 2008; 
Table 3.2).   
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in vivo imaging of NEV in Arabidopsis roots 
 
In order to corroborate the studies of NEV localization derived using NEV  
antiserum (Liljegren et al., 2009), a genetic construct expressing a N-terminal GFP-
tagged NEV from the constitutive 35S promoter was generated.  The resulting plasmid 
was transformed into wild type and nev-3 plants (backcrossed into the Columbia 
ecotype) via Agrobacterium-mediated transformation (strain GV3101) using the floral 
dip method. Transgenic plants carrying homozygous insertions were isolated and the 
resulting 35S:GFP-NEV nev-3 flowers shed indicating complementation of the nev-3 
phenotype (Fig. 3.9 a).  Interestingly, after shedding the abscission zone cells show the 
rough white appearance characteristic of 35S:IDA, nev serk1-6 and nev evr abscission 
zone cells undergoing expansion (Fig 3.8a; A punctuate staining pattern was seen, 
similar to that described using NEV antiserum (Fig. 3.9 b,c; Liljegren et al., 2009). 
Table 3.2 :Yeast two hybrid results 
prey bait rxn prey bait rxn prey bait rxn prey bait rxn 
SERK1 SERK1 + EVR SERK1 - HAE EVR - ACS5 FEI1 +++ 
 EVR -  EVR -  ER -  eto1 + 
 HAE -  HAE -       
 ER -  ER -       
Table 3.2: 
Results of the yeast two hybrid interaction tests. Pair-wise interactions were tested for prey 
constructs of SERK1, EVR and HAE against each other and the negative control ER as well 
as testing the positive controls interactions, ACS5 to FEI1 and eto1 as well as SERK1 
homodimerization. Rxn= reaction: += x-gal color response after 1.5 hrs coupled with some 
growth on Gal/Raf Leu-; +++= response by 30 min with robust growth on Gal/Raf Leu-.  None 
of the experimental tests showed a positive reaction. 
81 
 
 For a greater understanding of how SERK1 may interact with the IDA/HAE 
signaling pathway we can track localization of SERK1 throughout the cell. In order to 
visualize SERK1 in vivo using Arabidopsis seedlings, the previously characterized 
pSERK1::SERK1-YFP marker was obtained from the lab of Sacco de Vries (University 
of Wageningen, Netherlands; Kwaaitaal et al., 2005; Kwaaitaal et al., 2007).  This 
marker was crossed into nev-6, ida-2, hae hsl2, and nev-3 serk1-4 in order to assay for 
differences in SERK1 localization given the different mutant backgrounds.  It will be 
important to determine the location of SERK1 in wild type compared to these mutant 
backgrounds in order to better create testable models about the interaction of SERK1 
with the IDA/HAE signaling pathway.  A further discussion of the significance of this 
work is covered in Chapter 2 and Chapter 4. 
 
 
Future directions 
 
A clearer mechanistic understanding of NEV’s interactions within the cell is 
crucial to understand its role as a signaling regulator during floral organ abscission.  It 
will be important to determine a substrate(s) for the ARF-GAP catalytic domain and to 
examine the substrates’ function for insight into NEV’s role in membrane trafficking.  
Here, I show that an early stop generates the same subcellular phenotypes as a mis-
sense mutation in NEV supporting the hypothesis that a mutation at the catalytic site 
behaves as a loss of function mutation.  An important tool to understanding the 
functional relevance of the ARF GAP domain may be the intragenic S38 mutation. In the 
presense of the nev-3 mutation this downstream stop codon is able to restore shedding. 
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Although no other functional domains have been predicted for NEV, my results suggest 
that the C terminal region of the protein may exert an unpredicted regulatory influence.  
The nev-3 S38 truncated protein may exhibit an increased binding potential or inability 
to interact with a negative regulatory element. 
Visualizing SERK1, NEV and the other regulators of abscission in wild type as 
well as in various mutant backgrounds will be a crucial next step towards understanding 
the complex regulatory networks which govern cell separation.  Coupled with in vitro 
studies investigating potential physical interactions between these proteins, we may 
unravel a complex signaling pathway including multiple receptors and the machinery 
which regulates their signaling. Because SERK1 is implicated in many developmental 
processes, it is our hope that these works can be applied to other models of LRR RLK 
signaling in Arabidopsis and other model plant species. One of the largely unanswered 
questions in cell biology is how signaling from multi-protein complexes at the plasma 
membrane can be regulated to elicit specific, tuned responses. Floral organ abscission 
represents an ideal model with a clear phenotypic readout from which we may gain 
understanding as to how signal specificity is created and transmitted. 
 
Methods 
 
Plants and mapping 
Primers and restriction enzymes used for genotyping S38 nev-2 and nev-6 are 
are listed in Table 3.3.   The nev-3, ida-2, hae-1, and hsl2-1 mutant alleles were 
described previously (Stenvik et al., 2003; Cho et al., 2008; Stenvik et al., 2008). 
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Yeast two hybrid 
Following previously established protocols (Rientes et al., 2005; Xu et al., 2008), 
the extracellular domain of SERK1, HAE and EVR were subcloned into the pENTR 
gateway entry vector (Invitrogen)(Table 3.4).  The full length SERK1:λzap cDNA was a 
gift of Sacco de Vries, University of Wageningen, Netherlands (Hecht et al., 2001) and 
was subcloned to create SERK1:pENTR. The intronless EVR extracellular region was 
isolated directly from Col genomic DNA.  The HAEex fragment was generated from full 
length HAE cDNA provided by Michelle Leslie (unpublished).   Two positive controls, 
FEI1kin and eto1kin, were previously characterized as strong and mild interactors of 
ACS-5 respectively (Chae HS, Hansen M and JJ Kieber, unpublished; Xu et al., 2008).  
As a negative control, the extracellular domain of the ERECTA (ER) LRR RLK was 
cloned out of a plasmid containing the full length ER cDNA, pKUT181, to generate 
ERex:pENTR (pKUT181 generated and kindly provided by Keiko Torii).  LiOAc 
transformation of the constructed two hybrid vectors into yeast EGY48 cells was 
conducted as previously described (Table 3.5; Chen et al., 1992). X-gal reactivity was 
tested by color reaction: appearance by 30 minutes being robust; reaction by 1.5 hrs 
being mild. Yeast grown on Gal/Raf His-, Ura-, Trp- were lifted with nitrocellulose and 
assayed as described (Xu et al., 2008).  Interactions were also assayed for expression 
from the LacZ reporter via robust growth on Gal/Raf His-, Ura-, Trp-, Leu- after three 
days. 
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Microscopy 
Flower images were captured using a Leica MZ FLIII dissecting microscope and 
a MicroPublisher 3.3 RTV digital camera (Qimaging, Surrey, British Columbia, Canada). 
For transmission electron microscopy, flowers were analyzed as described (Liljegren et 
al., 2009). For scanning electron microscopy, flowers were fixed in 2% glutaraldehyde in 
0.05M sodium phosphate buffer overnight, treated for 30 min with 2% osmium tetroxide, 
and dehydrated through an ethanol series. Samples were dried using a Samdri-795 
critical point dryer (Tousimis Research Corporation, Rockville, MD), and coated in gold-
palladium using a Hummer X sputtering system (Anatech, Alexandria, VA). Images 
were captured using a Zeiss Supra 25 scanning electron microscope with SmartSEM 
acquisition and imaging software (Zeiss, Peabody, MA). Image brightness and contrast 
were adjusted with Photoshop CS4 (Adobe, Mountain View, CA). 
 
 
Acknowledgments 
 
This chapter contains material which will be included in future manuscripts.  The 
research in this chapter was conducted primarily by myself, with exceptions noted in the 
text.  We thank Keiko Torii, Hyun Sook Chae, Maureen Hansen and Shou-ling Xu for 
contributing vectors, controls and reagents for the yeast two hybrid experiments, and 
Sacco de Vries for the pSERK1:SERK:YFP marker.  Patrick Healy assisted with the 
yeast two-hybrid experiments.  
 
 
 
85 
 
 
  
Table 3.3 : Genotyping primers 
Allele 
 Primer sequence  Product size 
S38 F GATCTGCCACTCTGGACACATGGCTC Dde1 WT  ~400 bp R CGTATACGACATCGACAGTCTAGT Dde1 S38 ~450 bp 
nev-2 F CATCTAAGAAGAAATACAAAACGCT Pvu2 Wt  ~330 bp R ATCTTAGGATATCAGCTATGAGATC Pvu2 -2    ~300bp 
nev-6 F CTCTAGAAGAATCTGCAGATAAGTAGCAC tDNA WT ~900 bp R CGATTCTCCTTCTTTTGATTTTATCTATC tDNA -6    ~800 bp 
Table 3.4: Primers used to generate yeast two hybrid entry clones 
Primer name Primer sequence Target 
SK1Y2H_F1 CACCGATGCTTTGCATACTTTGAGGGTTACT SERK1 aa31-234 
SK1Y2H_R1 ATACCCACTCGGGGTGGAAACTGG SERK1 aa31-234 
EVRY2H_F1 CACCGATCTCAAAGCTCTTCAGGTCATCG EVR aa41-258 
EVRY2H_R1 AGTGCTGTTGTTGGGTTTGTTCGTGGG EVR aa41-258 
HAEccGWF CACCTGCAAGTGGCTAGGCGTGAGC HAESA aa61-603 
HAEGWR1 ATTAGCGTAGAGAGGAGGGAT HAESA aa61-603 
ERGWF CACCGAGGGAGCAACGTTGCTGGAGATT ERECTA aa25-576 
ERGWR TACAGTTCGACGAGAATCATGAC ERECTA aa25-576 
Table 3.3: 
The primers used to genotype alleles used in this study are listed.  nev-6 is a 
SALK TDNA insertion line; these two primers are used along with a TDNA specific 
left border primer. S38 and nev-2 are point mutations; these primers amplify a 
CAPS marker 
Table 3.4: 
The primer name, sequence and target are indicated for the primers used to 
generate the entry clones listed in Table 3.5.  Genomic DNA, full length SERK1 
cDNA (a gift of Sacco de Vries, University of Wageningen, Netherlands; Hecht et 
al., 2001), full length HAE cDNA (ME Leslie) and full length ER cDNA (Keiko Torii) 
was used as template. 
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Table 3.5: Yeast two hybrid vectors 
pENTR pJG4-5 (prey) pEG202(bait) 
SERK1ex SERK1ex SERK1ex 
EVRex EVRex EVRex 
ERex ERex ERex 
HAESAex HAESAex HAESAex 
 ACS-5kin* FEI1kin* 
 
 eto1kin* 
Table 3.5: 
The entry clones containing the extracellular fragments 
of SERK1, EVR, ER and HAESA were used to generate 
prey and bait plasmids in E. coli for stock generation 
before transformation into S. cerevisiae yeast strain 
EGY48.  
*:  ACS-5kin, eto1kin and FEI1kin were generated by     
HS Chae, M Hanson and S-L Xu respectively. 
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Figure 3.1: Gene structure of NEV, At5g54310, showing alleles 
discussed in this work. The sites of the three nev mutations and the 
intragenic nev-3 suppressor, S38 are indicated. Exons are shown  
as boxes, and the translated regions corresponding to the ARF-GAP 
domain and the rest of the corresponding protein are indicated in  
black and gray, respectively. Point mutations are marked by arrows,  
and T-DNA insertions by arrowheads. 
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Figure 3.2: Light Micrographs of the indepedent nev 
suppressor mutations identified from an EMS mutagenized 
population of nev-3 seeds (c-j).  Wild-type Ler and non-
shedding nev-3 are shown for comparison (a,b).  The 
dominant S4, S9, S23 and S27 mutations, shown here as 
heterozygotes, affect the RLK SERK1 (c-f; see Chapter 2).  
The recessive S6 and S29 mutations affect the RLK 
EVERSHED (g-h; EVR, Leslie et al., 2010) and the 
recessive S39 affects CAST AWAY (i; CST,  
Burr et al., unpublished).  S38 encodes a stop codon within 
the NEV ORF, dominantly restoring shedding in a nev-3 
background. (j). 
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Figure 3.3: Recombination mapping of the S38 suppressor mutation.   
The genetic marker, MGB8 (22.5 MBP on chromsome V) is closely 
linked to the NEV loci (22.07 MBP on chromosome V). 45 shedding  
plants from an F2 mapping population (S38 nev-3 Ler x nev-6 Col)  
were screened and zero showed recombination away from the Ler  
marker indicating that shedding in S38 nev-3 flower is linked to NEV  
(Fisher’s exact test, p<.0001). 
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Figure 3.4: Bulk segregant mapping of the S39 nev-3 suppressor 
mutation. For 4 markers (listed below) on each chromsome (I-V),  
% recombination to a Columbia (Col) marker is shown as a 
percent (listed above). 25 shedding F2 nev-6 Col x S39 nev-3 Ler 
plants were genotyped homozygous for nev; their DNA was 
collected and tested for these each of these genetic 
polymorphisms. Non-linkage is suggested by a ~50 percent 
recombination rate to a Col marker.  Because the S39 mutation 
was generated in Ler, genetic markers in that region will be biased 
to Ler, represented by a low recombination into Col. 
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Figure 3.5: Mapping of the S39 suppressor mutation. 
Shedding F2 nev-6 Col x S39 nev-3 Ler plants were genotyped to  
track recombination to a Col polymorphism at markers on chromsome 
IV. The region of lowest recombination detected is between markers  
on the BACs F17M5 and F19F18, a 1.3 mbp area. The S39 mutation 
was determined to be on BAC F8D20 in the middle of this interval, and 
to affect a Receptor-Like Cytoplasmic Kinase named CAST AWAY 
(CST; Burr et al., in prep). 
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Figure 3.6: Transmission electron micrographs of nev S38 floral  
organ abscission zone cells immediately after shedding (first  
stage 17 flower).  Wild type (wt) Ler shown for comparison (a,b) 
does not exhibit vesicle filled perimural bodies (PMB) or  
circularized multilamelar structures (CMS) typical of nev cells at  
the time (see also chapter 2).  In nev S38 cells, PMB are seen  
(c,e); however, CMS are not detected in these samples (d,f).  
White asterik: PMB; Black asterik: wt Golgi. Scale bars for 
a,c,e = 200 micron; for b,d,f= 500 micron. 
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Figure 3.7: Transmission electron micrographs of nev-2 and  
WT floral organ abscission zone cells immediately after  
shedding (first stage 17 flower).  To confirm that the Perimural 
Body (PMB) and Circularized Multilamellar Structure (CMS)  
accumulation seen in nev-3 cells was not allele specific,  
nev-2 was examined for the characteristic phenotypes. WT  
cells do not accumulate PMB while nev-2 exhibits this  
charactistic phenotype simliar to nev-3 (a-c; see also  
chapter 2). WT Golgi are composed of stacks of flat cisternae  
while nev-2 cells, like nev-3, contain numerous CMS (d-f). 
scale bars: a-c= 500 microns; d-f=200 micron 
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Figure 3.8: Light micrographs of stage 17 flowers. Mutant  
combinations of serk1-4 evr-2 and nev serk1-4 evr-2 shed 
as WT (a,b,c) and do not display any other noticeable 
plant phenotypes. 
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Figure 3.9: A genetic construct constitutively expressing NEV  
with a Green Fluorescent Protein (GFP) tag (35S:GFP:NEV)  
was transformed into nev-3 (Col) plants, generating  
35S:GFP:NEV nev-3 (a-c). These plants shed demonstrating 
the ability of this construct to complement a nev mutation (a).  
Interestingly, overexpression of NEV in a nev-3 background  
results in AZ phenotypes simliar to 35S:IDA and nev serk1-6 
floral phenotypes. Visualization of NEV in 7 day Arabidopsis  
seedling roots using confocal laserscanning microscopy (b,c).  
As reported for NEV, the protein is detected in punctate foci  
not associated with the plasma membrane.  
scale bars: b,c= 10 microns 
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Chapter 4 
Future Directions and Concluding Remarks 
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Abstract 
One goal of this work is to describe the characterization of SERK1 as a negative 
regulator of floral organ abscission.  Prior to this work, SERK1 has been implicated in a 
variety of developmental processes, from brassinosteroid perception to pollen viability 
(Albrecht et al., 2005; Colcombet et al., 2005; Karlova et al., 2006; Albrecht et al., 
2008).  Because of its diverse roles, it is likely that SERK1 may play a general role in 
the regulation of LRR RLK signaling. To build upon this and other work, we will need to 
determine the roles SERK1 plays within a specific pathway as well as functions which 
may be used generically by multiple pathways.  By elucidating the general and pathway 
specific roles of SERK1, we will gain insights into how LRR RLK signaling events are 
regulated, from stimulus through perception and from signal transmission to output.   
  
Future directions- SERK1 
 
In the future, it will be important to gain a mechanistic understanding as to why 
the novel serk1 alleles identified in this work behave similarly to the kinase dead, serk1-
1 allele in a nev background. We can form hypotheses about the in vivo effects of these 
mutations by reviewing past in vitro studies that characterized the functional domains of 
the SERK1 protein.  These experiments showed that 6 N-linked glycosylation sites, 
including 2 within the second LRR (the domain affected by the serk1-4 and serk1-5 
mutations), are required for the efficient targeting of SERK1 to the plasma membrane.  
Deletion of the LRRs leads to accumulation of SERK1 in an intracellular compartment, 
perhaps due to inefficient plasma membrane transport (Shah et al., 2001).  Lack of 
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protein glycosylation, one form of post-translational modification, can lead to improper 
protein folding and incorrect processing.  Protein processing begins in the Endoplasmic 
Reticulum (ER) after which partially modified proteins are sometimes sent through the 
Golgi network for final modifications and dispersal to appropriate intracellular 
destinations via vesicular trafficking.  This work predicts that a mutation within the LRRs 
might interfere with protein processing such that subsequent transport of these proteins 
to the plasma membrane is negatively affected.  Preventing SERK1 function at or 
delivery to the plasma membrane might restore shedding in nev flowers. 
 The SERK1 interacting protein CDC48A, a AAA-ATPase, has been hypothesized 
to function in quality control for SERK1 receptors destined for transport out of the ER 
after processing by acting as a chaperone, facilitating the removal of incorrectly folded 
or processed proteins via degradation through the ubiquitin mediated proteasome 
pathway (Rienties et al., 2005; Aker et al., 2006; Karlova et al., 2006; Aker and de Vries, 
2008). The active CDC48A hexamer has been shown to physically interact with SERK1 
at ER membrane regions positioned near the plasma membrane and SERK1 is capable 
of phosphorylating CDC48A (Aker et al., 2006; Aker et al., 2007).  SERK1 expressed 
within protoplasts preferentially accumulates within the ER when the proteasome 
inhibitor MG132 is applied suggesting that some SERK1 molecules may undergo 
ubiquitin guided proteasomal degradation (Aker et al., 2006).  It is possible that 
improperly glycosylated SERK1-4 and SERK1-5 protein is tagged for removal from the 
ER and subsequent degradation, perhaps through interaction with CDC48A.  We may 
find that these mutant proteins preferentially accumulate within the ER if a functional 
interaction with CDC48A is blocked.   Incorrect post-translational processing, such as 
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mis-folding or incorrect glycosylation, may result from these extracellular mutations in 
SERK1.  This may prevent SERK1 from negatively regulating floral organ abscission. 
The extracellular leucine zipper (LZ) domain of SERK1 has been implicated in 
protein-protein interactions occurring at the plasma membrane (Shah et al., 2001).  In 
vitro protoplast studies demonstrated that deletion of the LZ region decreases the 
proportion of SERK1 homodimers relative to monomers resident at the plasma 
membrane (Shah et al., 2001).  A mutation within this domain may disrupt plasma 
membrane localization by inhibiting protein-protein interactions, perhaps dimerization, 
that function to regulate SERK1 trafficking or interaction with functional partners.  
Alternatively, promiscuous protein interactions may be occurring decreasing the number 
of SERK1 proteins available to carry out a wild type function.  Disabling or altering 
SERK1’s propensity to bind other proteins may allow shedding in a nev background. 
Interestingly, one of the novel serk1 alleles isolated in this study, serk1-6, 
introduces a missense mutation within the transmembrane (TM) domain.  It is possible 
that disruption of this domain may cause local perturbations within the plasma 
membrane making it difficult for certain functional interactions to occur and thereby 
impeding the natural function of the SERK1 receptor. Additionally, SERK family 
members harbor an SPP repeat domain immediately 5’ of the TM domain.  These highly 
conserved proline-rich regions are likely relevant to SERK function and activity at this 
site might be affected by proximity to the serk1-6 mutation.  Like mutations in the LZ, a 
mutation in the TM may negatively impact the ability of SERK1 to interact with other 
proteins. 
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Future directions- how does SERK1 regulate signaling  
 
Exploring the genetic interactions between SERK1 and other known regulators of 
floral organ abscission (Fig. 2.1; Fig. 2.4; Fig. 3.2; Fig. 3.8) has been a valuable 
approach.   Through this work, we have identified a novel role for a known signaling 
molecule, SERK1, and implicated this protein as a potential regulator of the previously 
characterized IDA/HAE/HSL2 signaling pathway that regulates cell separation during 
floral organ abscission.   
As a negative regulator of abscission, SERK1 could be physically interacting with 
one or more of the three other LRR RLKs now known to regulate abscission—EVR, 
HAE and HSL2.  Differential internalization of particular receptor complexes may be a 
general mechanism used to control specific signaling outcomes.  For instance, when 
SERK1 is co-expressed with SERK3 (BAK1), a positive regulator of endocytosis of the 
brassinosteroid BRI1-SERK3-SERK1 signaling complex, SERK1 internalizes into two 
distinct populations, one specific for SERK1 and one containing both SERK1 and 
SERK3 (Shah et al., 2002; Russinova et al., 2004; Kwaaitaal et al., 2005; Karlova et al., 
2006).    
Although SERK1 and SERK3 are known to undergo endocytosis, the purpose 
and destination of these internalization events have been largely unstudied with in vivo 
models (Shah et al., 2001; Shah et al., 2002; Russinova et al., 2004; Robatzek et al., 
2006).  To address whether SERK1 internalization affects its own activity or the 
trafficking and activity of EVR, HAE, and HSL2, we must determine which subcellular 
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compartments SERK1 resides in after endocytosis.  Comparison of these data with our 
previous findings of NEV localization in the trans-Golgi Network (TGN) and recycling 
endosomal compartments, along with parallel studies of EVR, HAE and HSL2 
localization may reveal particular subcellular domains of functional interest.   
We can gain further insight into the relationship between SERK1 and NEV by 
monitoring whether SERK1 localization is altered in nev cells compared to wild type.  If 
the location of SERK1 affects its role as a negative regulator of floral organ abscission 
then we might find it mislocalized in nev cells.  Combined with data about the 
localization of wild type SERK1, whether it co-localizes with early endosomes/trans-
Golgi network, recycling endosomes or with markers of a degradation pathway, we will 
be able to hypothesize about the role of NEV during SERK1 signaling.   
It is intriguing that mutations in two different LRR RLKs—SERK1 and EVR—are 
able to independently restore floral organ shedding in the nev mutant.  Interestingly, the 
arrangement of EVR extracellular domains is more similar to that of SERK1, a class 2 
LRR-RLK, than other class 11 LRR-RLKs with which it has been categorized based on 
kinase domain homology (Dievart and Clark 2004).  With the mutant combinations 
analyzed thus far we have not detected a noticeable developmental phenotype in the 
serk1 evr and nev serk1 evr mutant combinations.  This may suggest we will not 
uncover any redundant roles for SERK1 and EVR; however, this experiment needs to 
be reevaluated in light of the stronger serk1-6 allele (i.e. analyzing mutant combinations 
with serk1-6 compared to those generated with serk1-4, Fig. 3.8).  Therefore, it will be 
valuable to determine if EVR and SERK1 are expressed within a common set of 
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intracellular compartments.  Co-localization between SERK1 and EVR would support 
our hypothesis that there is functional overlap between these repressors.   
SERK1 is known to interact with LRR RLKs containing very different extracellular 
domain configurations; two known SERK1 interactors —SERK3 and BRI1—contain 5 
and 25 LRRs, respectively. (Albrecht et al., 2005; Karlova et al., 2006).  Like SERK1 
(and SERK3), EVR contains 5 LRRs. HAE and HSL2 are more similar to BRI1 with 21 
and 20 LRRs, respectively.  SERK1 was found in a protein complex containing SERK3 
and BRI1 in 7-day old seedlings and genetic evidence suggests that this particular 
receptor complex functions during brassinosteroid signaling in the promotion of cell 
elongation and growth (Karlova et al., 2006; Geldner et al., 2007; Albrecht et al., 2008).  
It is possible that SERK1 might be a member of a receptor complex found in abscission 
zone cells.  Such a complex could potentially contain either of the LRR RLKs known to 
promote abscission—HAE and HSL2—or the other LRR RLK identified through our 
screen to negatively regulate organ shedding—EVR.  In comparing the SERK1 
interacting proteins uncovered from screening seedlings compared to flowers, both 
overlapping and unique sets of proteins have been recovered suggesting that general 
and tissue specific binding partners can be expected (Rientes et al., 2005; Karlova et 
al., 2006; Aker and de Vries, 2008). Of note, neither HAE nor HSL2 have previously 
been identified as SERK1 interactors.   
A number of other proteins have been shown to interact with SERK1 (KAPP, see 
chapter 2; CDC48A see above) including the MADS domain transcription factor 
AGAMOUS-LIKE15 (AGL15; Fernandez et al., 2000; Karlova et al., 2006).  AGL15 
interacts with the BRI1-SERK3-SERK1 receptor complexes described above, either 
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directly or via bridging interactions (Karlova et al., 2006).  Constitutive expression of 
either AGL15 or the closely related AGL18 delays flower senescence and prevents 
organ abscission (Fernandez et al., 2000; Adamczyk et al., 2007).  These results 
indicate that, like SERK1 and EVR, AGL15 and AGL18 can both be considered 
negative regulators of abscission.  Interestingly, Arabidopsis cells in tissue culture 
induced to overexpress AGL15 have increased levels of SERK1.  In this system, 
SERK1 upregulation was shown to be dependent on AGL15 overexpression (Harding et 
al., 2003).  With regard to floral organ abscission, these results suggest that AGL15 is a 
negative regulator whose activity may be controlled through interaction with a SERK1 
complex.   
 
Concluding remarks 
 
This work and others (Liljegren et al., 2009; Leslie et al., 2010; Lewis et al., 2010; 
reviewed in Chapter 1) provides a ground work with which to expand on predictions 
about the function, interaction and composition of multiple abscission zone specific 
receptor complexes.  NEV, IDA, HAE and HSL2 function as positive regulatory proteins 
during abscission while SERK1, EVR, CST, AGL15, and AGL18 act as negative 
regulators.  It will be critical to gain an understanding of when and where these 
abscission regulators interact, physically and genetically, to expand on hypotheses 
about their function during this biological event.  Floral organ abscission in Arabidopsis 
is a unique model system; by studying this event we can investigate how a signaling 
event is initiated, how signal specificity is achieved, transmitted and regulated from 
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signal perception and receptor internalization at the plasma membrane to endosomal 
regulation of downstream signaling events, all with a definitive phenotypic readout.  
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